A field, petrological and geochemical study of the Masirah Ophiolite, Oman by Abbotts, Ian Lloyd
A FIELD. PETROLOGICAL AND GEOCHEMICAL STUDY 
OF THE MASIRAH OPHIOLITE. OMAN. 
by . 
IAN LLOYD ABBOTTS 
A thesis submitted for the degree of Doctor of Philosophy under 
the general regulations of the Faculty of Science and Engineering. 
Univer sity of Birmingham. 
University of Birmingham 
October. 1978. 
 
 
 
 
 
 
 
 
 
University of Birmingham Research Archive 
 
e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 
SYNOPSIS 
. 2 
A reconnaisance survey of the 1000 Km of Masirah Island, Oman, 
has revealed a fully-developed ophiolite complex which is believed to represent 
a fragment of Cretaceous ocean crust and upper mantle generated at a 
constructive plate margin. The complex consists of mantle serpentinites, 
plutonic rocks ranging from dunite to trondhjemite, a sheeted dyke complex 
and pillow lava-sediment sequences, a1l of which have been chemica1ly and 
petrographically analysed. 
Several belts of serpentinite occur within the ophiolite associated with 
major fault-lines. The serpentinites are clearly derived from depleted 
harzburgitic mantle and their fieI'd relations suggest that some were emplaced 
in the oceanic environment. 
The chemistry of the plutonic rocks suggests that they are products of 
dominantly open-system fractional crystallisation of tholeiitic liquid(s), 
possibly in several discrete magma chambers. Mode1ling of trace and RE 
elements suggests that moderate degrees of mantle peridotite melting were 
involved in production of the magma chamber parental liquid(s). 
At a higher crustal level sheeted dyke-massive gabbro relationships are 
...... interpreted in a model of roof underplating, which causes a decreasing frequency 
of dyke injection. Metamorphism of the sheeted dykes and lavas is interpreted 
as sub-sea floor in origin and its effect on whole-rock chemistry is assessed. 
The dykes and lavas have a chemistry largely typical of present-day ocean 
tholeiites and the relative contributions of the processes of partial melting and 
fractional crystallisation to that chemistry are evaluated. 
Two localised volcanic groups were identified, which appear to have 
enriched chemistries compatible with origin at off -axis oceanic islands. 
A major tectonic zone cross -cuts the ophiolite units and has features 
reminiscent of the modern oceanic transform faults. The importance of this 
structure, both in the oceanic environment and during the process of ophiolite 
emplacement, is assessed. 
Intrusive into the ophiolite is a granite whose trace and RE element 
chemistry is alien to the oceanic environment and suggests melting of 
continental crust. 
Finally. a synthesized model of the former constructive margin is 
produced and an attempt is made to define the type of spreading centre 
represented. Comparison of the Masirah Ophiolite with the Semail Ophiolite 
of the Oman Mountains suggests that their former correlation may be ill-
founded. An assessment of late Mesozoic -early Tertiary plate motions 
indicates an origin during Cretaceous sea-floor spreading of an early Indian 
Ocean. Several features may indicate a slow-spreading. much-faulted. 
constructive margin. 
Frontispiece 
General view southeastwards from Jabal Hamra showing typical 
rugged topography of the plutonic rocks. Paler outcrops are 
gabbroic, darker are olivine gabbros or troctolites. 
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CHAPTER 1 
INTRODUCTION 
The desert island o£ Masirah, which lies 24 km o££ the 
SE coast o£ Oman at the margin o£ the Indian Ocean, is £ormed 
predominantly o£ an ophiolite complex o£ ma£ic and ultrama£ic 
rocks. There is wide acceptance that such complexes represent 
oceanic lithosphere generated at constructive margins (Coleman, 
1977; Gass and Smewing, 1978). Consequently this thesis is 
a;gued on the premise that ophiolite studies give an insight 
into the processes operating at oceanic spreading centres. 
The magmatic supply rate £rom mantle to spreading centre is 
greater and more continuous than that o£ any other tectonic 
environment. It £ollows that study o£ ophiolite complexes will 
also aid in understanding the evolution or the mantle-crust 
system. 
lA. Previous studies and scope o£ the present work 
There have been £ew geological studies on Masirah. The 
£irst by Lees (1928) described the occurrence o£ gabbros and 
serpentinites, noted that they were overlain by Eocene limestone 
and correlated them with similar rocks in the Semail Nappe or 
the Oman Mountains. Moseley (1969) noted that the ma£ic-
ultrama£ic rocks were intruded by a late-stage potassic granite 
whilst Glennie !t ~l. (1974) recorded the presence o£ the 
complete ophiolitic assemblage and its close association with 
Lower-Middle Cretaceous sediments. The last workers concluded. 
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"there is no direct correlation (of the basic 
and ultrabasic rocks of Masirah Island)with 
the Hawasina and Semail apart from lithological 
similarity." 
Field work was undertaken during the winters of 1975-76 and 
1976-77 when a reconnaissance survey of the 1000 sq.km of 
Masirah Island was conducted, together with collection of 
approximately 800 rock specimens for petrological, geochemical 
and palaeomagnetic studies. The help' and hospitality provided 
by the personnel of R.A.F. Masirah ensured two pleasant visits 
and meant that 54 days on the island resulted in 52 full days 
in the field, both for the writer and for Dr F. Moseley. 
Though a reconnaissance approach was dictated by the large area 
and lack of previous survey, an attempt was made to quickly 
define the problem areas and to map these in more detail on a 
1112000 scale. The high degree of exposure and good vertical 
air photograph cover, at 1112000 and 1160000, facilitated these 
designs. 
lB. Geomorphologr of Masirah 
The island has maximum dimensions of 65 km from NNE to 
SSW and 16 km perpendicular to this and rises to a height of 
245 m in the north. Solid rocks are almost continuously exposed 
over much of the island and over 95~ belong to the ophiolite 
complex. Gabbros and sheeted dyke complex form the higher 
ground of the north and south of the island respectively. The 
low-lying waist of the island is floored mainly by pillow lavas 
and serpentinites. Locally in the north the ophiolite is 
overlain unconformably and topographically by gently warped 
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Lower Tertiary (1 Eocene) limestone. 
The solid geology is partially concealed by coastal 
gravel fans, particularly well developed along the north-west 
coast, and by wadi sands and gravels composed of ophiolite and 
limestone debris. The latter are incised to a depth of 8-10 m 
by wadis of the present erosion cycle and the resulting 
terraces testify to recent uplift (late Quaternary , Carney 
and WeIland, 1974). 
lC. Definition of an ophiolite 
Coleman (1977) notes that the term ophiolite is derived 
from the Greek root "ophi" meaning snake or serpent and was 
originally used to describe serpentinites (Brongniart, 1827). 
The currently accepted definition is that proposed by the 1972 
Penrose conference which describes an ophiolite as an 
assemblage of ultrabasic and basic rocks as set out in Table 1 
(see overleaf), 
Table 1. An idealized complete ophiolite (modi£ied £rom Gass, 1977) 
TOP 
BASE 
Ma£ic volcanics 
merging into 
Ma£ic sheeted dyke complex 
Gabbro complex, 
usually cumulate 
Commonly pillowed, overlying 
sediments may include ribbon 
cherts, thin shale interbeds and 
minor limestone. 
Trondhjemites 
Gabbros 
Olivine gabbros 
Peridotites* 
Dunites* (commonly with chromite) 
Harzburgite* (sometimes lherzolite and dunite) 
usually with metamorphic tectonic £abric 
* Commonly serpentinized 
-l:" 
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lD. Ophiolite complexes as ocean crust 
The Penrose conference also states. 
"although ophiolites generally are interpreted 
as oceanic crust and upper mantle the term 
should be independent of supposed origin.-
, 
Ophiolite complexes are common along the Tethyan region from 
Yugoslavia to Oman (Dewey !t ~l, 1973) and also throughout 
the Circum-Pacific (e.g. California • Bailey et a~ 1970; 
Papua • Davies, 1969; Macquarie Island I Varne and Rubenach, 
1973). Both areas have been interpreted as sites of oceanic 
plate consumption. Preservation of the complexes varies from 
the extensively disrupted and dismembered examples (e.g. 
California coast ranges I Bailey, op.cit) to those that are 
stratigraphically complete and intact (e.g. Troodos I Gass, 
1968; Moores and Vine, 1971). 
Seismic profiles of the large and intact Troodos and 
Oman Ophiolites compare quite favourably with those of the 
oceanic lithosphere (Fig.l.l). Moreover, direct sampling of 
the ocean crust has revealed a rock suite which is broadly 
similar in petrological, geochemical and metamorphic 
characteristics to that of the ophiolite complexes (Miyashiro 
et al, 1971; Pearce and Cann, 1971; Saunders et al, 1978). Stable 
isotope studies of the ophiolite metamorphic rocks indicate a 
sea-water induced metamorphism whilst metallogenic deposits 
found in both ophiolitic and oceanic environments appear to 
result from similar patterns of rock-sea water interaction 
(spooner et a1, 1974; Scott et al, 1974 and 1976; Smewing et al, 
1977). 
TROODOS SEMAIL 
0 3 3 9 0 
L 
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3 ---- 3 
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I 
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FIG.l.i. Simple stratigraphic columns and estimated 
seismic velocity pro~iles ~or the Troodos and Semail 
ophiolites. Modi~ied ~rom Christensen, 1978. 
(L = lava, D = dolerite, G = gabbro complex, 
H = harzburgite). For comparison the dashed lines 
show the Sonobouy type 2 ocean crust pro~ile o~ 
Christensen and Salisbury (1975). 
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Table 1.2 sets out the environmental indicators of the 
various ophiolite units. (see overleaf). 
The evidence of Table 1.2 strongly suggests that ophiolite 
generation occurs in a marine environment, which was under a 
tensional tectonic regime and was dominated by basic magmatism. 
The similarity to the present-day constructive plate margin 
seems inescapable and has been cogently argued by many, 
including Moores and Vine (1971), Dewey and Bird (1971), Gass 
(1977), Salisbury and Christensen (1978) and Gass and Smewing 
(1978). 
IE. Regional setting of the Masirah Ophiolite 
1. On-land geology of the adjacent Oman Mountains 
The broad similarity of the Masirah Ophiolite and the 
Oman Ophiolite found within the Semail Nappe of the Oman 
Mountains led to their correlation and the postulated dextral 
displacement of Masirah along the Batain Coast (Fig.l.21 
Morton, 19591 Laughton, 1966). However Glennie et al (1974) 
notel 
"It cannot be demonstrated that the basic and 
ultrabasic rocks of Masirah form a nappe. The 
term Semail Nappe is therefore avoided ••• 
the stratigraphic relationships of the 
scattered pre-Tertiary sediments (of Masirah) 
to those of the Oman Mountains are not 
understood." 
The suggestions that the correlation of the two ophiolites may 
be ill-founded is expanded within this thesis. Nevertheless a 
Table 1.2. Environmental indicators or the ophiolite units (modiried from Gass, 1977) 
ROCK TYPE 
ENVIRONMENT 
Sediments 
(commonly 
radiolarian 
cherts) • 
Marine 
bathyal. 
Lavas 
(commonly mafic 
and pillowed). 
Sub-aqueous, lack 
of' intercalated 
sediments 
indicates distance 
from land-mass or 
rapid extrusion. 
Little or no 
vesicularity 
indicates deep 
water. 
Sheeted 
dykes 
(mafiC) 
Extensional. 
No sialic 
host rock to 
this or any 
other of' the 
units. 
Gabbros 
Layering and 
cumulate 
textures 
suggest large 
basic magma 
chamber(s). 
Harzburgites 
Deformation 
textures 
suggest solid, 
shearing. 
~ 
I 
I 
i 
-.-._ t, 
---- ~ .. 
. \. 
i 
I 
i 
i 
i 
\ 
o 
SAUDI 
ARA9'A 
Maastr"tchtian and Tertiary 
o Semall and Ma!oirah Ophio\it<?s 
_ Hawasina 
F==1 Permian to (ate Cr<?ta(.(?ous 
c:::::J a.rlochthonous carbonates 
Pre-Mt ddle Permian basement 
Gulf of Oman 
For 
SULTANATE OF 
OI-fAN 
o 100 
Km 
MASIRAH 
ISLAND 
FIG.l.2. Geological map o£ the Oman Mountains. Simpli£ied 
from Fig.2.1.1., Glennie et a1 (1974). For clarity 
Neogene-Recent deposits are not shown. 
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brief description of the relationships within the Semail Nappe 
are presented here to help the reader to make an independent 
assessment. 
An introductory account of the Oman Mountains geology is 
given by Glennie et al (1974) who described five major rock 
sequences. The relationships of these are setout in Table 1.3 
and Figs.l.l, 1.3, 1.4. 
Glennie et al (1974) suggest that the Oman Ophiolite 
represents ocean lithosphere produced during Late Cretaceous 
sea-floor spreading to the NE of the Arabian platform. The 
Hawasina is believed to represent the partial sedimentary cover 
of that lithosphere. Both units are considered to have reached 
~~~o 
their present / on the Arabian continental margin by nappe 
emplacement from the north-east (Reinhardt, 1969; Allemann and 
Peters, 1972; Glennie et al, 1973, 1974; Carney and Welland, 
1974). 
2. The Oman Ophiolite 
The full ophiolite sequence has been described £rom the 
Oman Ophiolite (Fig. 1.4, adapted £rom Smewing et al, 1977; 
Coleman, 1977). The basal peridotite, dominantly harzburgitic, 
is pervasively serpentinized (r'FT~ per centz Coleman, 1977) 
and also sheared along the horizontal basal thrust. Olivine, 
plagioclase and diopside are the dominant cumulus phases in the 
gabbros. These are commonly banded, particularly toward their 
base, and late trondhjemitic differentiates are round in their 
upper levels. Extensive dyke swarms occur which feed overlying 
Table 1.3. Simplified geological succession in the Oman Mountains (adapted from Glennie et al, 1974) 
UNIT LITHOLOGY AGE RELATIONSHIPS 
TOP E Shallow marine Maastrichtian - early Unconformable 
carbonates. Tertiary. on A-D. 
D Intact, fully-developed Upper Cretaceous Nappe derived from 
Oman Ophiolite. the NE. 
C Hawasina Formation, Permian to Cretaceous Several nappes 
turbidites, limestones, derived from the 
cherts, (pillow lavas, NE, exposed in \0 
serpentinites) of reversed age order. 
continental margin -
open ocean environment. 
B Shallow marine carbonates. Permian to Cretaceous Autochthonous 
unconformable on A. 
BASE A Crystalline basement Folded in pre Mid-
Permian orogeny. 
SW NE 
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pillow lavas. The dykes possess a N-S trend in part or the 
northern Oman Hountains near Sohar (Smewing et aI, 1977). 
The lavas, dykes and a portion or the Gabbros have undergone a 
thermal metamorphic event attributed to hydrothermal spreading-
centre circulation (Coleman, 1977). Sulphide mineralization of 
the pillow lavas is believed to have a similar cau~e (Smewing 
et aI, 1977). A metamorphic sheet occurs along the basal thrust 
and is thought to have developed during ophiolite emplacement 
(Glennie et aI, 1973; Woodcock and Robertson, 1977). 
3. Adjacent Arabian Sea Geolof/Y 
The basement geology or the Arabian Sea (Fig.1.5) is 
obscured by the thick terrigenous sediments or the Oman Basin 
and the Indus Cone (Geol.and Geophys.Atlas of the Indian 
Ocean, 1975; Farhoudi and Karig, 1977). These sediments have 
prevented clear documentation or the early Gondwanaland 
rraementation and initial Indian Ocean plate motions._ 
Cretaceous-Lower Tertiary ocean lithosphere is thought 
to underlie much or the Arabian Sea adjacent to Masirah for 
the rollowing reasonSI (1) Lower Tertiary basement was 
penetrated along the Owen Fracture in D.S.D.P. holes 223-4 
(Whit narsh et aI, 1974); (2) there are recognisable Upper 
Cretaceous-Lower Tertiary maOletic anomalies to the east or 
the Owen Fracture. The oldest, anomaly 28, is dated at 
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68 m.y. B.P o and suggests that crust further north may be 
Midd1e Cretaceous (Le Pichon and Heirtz1er, 1968; McKenzie and 
Sc1ater, 1971; Whitmarsh et a1, 1974); (3) ocean 1ithosphere 
appears to under1ie the thick Oman basin sediments (Taylor, 
1968; Geol.and Geophys. Atlas of the Indian Ocean, 1975; White 
and Klitgord, 1976; Farhoudi and Karig, 1977). 
Ear1y spreading in the Indian Ocean, from 100 to 50 m.y. 
B.P., is believed to have occurred along an E-W axis and to 
have driven India northwards (Fig.l.6; McKenzie and Sclater, 
1971). During the Eocene the spreading axis Jumped from this 
E-W orientation to the present NW-SE 1ine (Rona, 1978). The 
Owen Fracture appears to have acted as a major transform 
accommodating much of the northward drift of India from at 
least 75 to 10 m.y. B.P. (Matthews, 1966; Ewing et aI, 1969; 
McKenzie and Sclater, 1971; Whitmarsh et aI, 1974) • 
• IF. Outstanding Ophiolite Problems 
(i) Type of constructive margin 
Most earth-scientists accept the ophiolite-ocean crust 
correlation. It is, however, often less clear whether individual 
ophio1ites represent crust generated at major mid-ocean ridges, 
at "Gulf of Aden-type" spreading centres or at back-arc 
"Scotia Sea-type" constructive margins (Gass, 1977). The 
island arc environment proposed by Miyashiro (1973) can 
generally be eliminated as a contender. Field evidence for the 
spreading centre environment, such as the presence of an extensive 
sheeted dyke complex, or alternatively trace element geochemical 
discrimination can both be used in this context. 
FIG.l.6. Taken from Fig.47, McKenzie and 
Sclater (197l). Simplified sketch-map of 
active plate boundaries between 75 and 55 
m.y. B.P. 
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The back-arc environment has been suggested as a 1ikely 
ophiolite source. The sandwiched position of the ocean crust 
between arc and continent, the shallow sea, and the possibility 
of buoyant mantle beneath, could all help to explain ophiolite 
obduction (Dewey, 1974 and 1976; Hawkins, 1974 and 1976; 
Saunders et aI, 1978). However Gass (1975 ) notes a possible 
problem with the back-arc setting when he writesl 
"the lack of andesitic debris contemporaneous 
with the presumed spreading age of many of 
the Mesozoic Alpine-Himalayan ophiolites 
suggests that the oceans were not back-arc 
basins ••• They are thought to be small 
(oceans) because of the general lack of 
andesitic volcanism associated with their 
emplacement." 
The metamorphic aureole common along the basal contact of many 
ophiolites (Woodcock and Robertson, 1977) indicates emplacement 
of young hot lithosphere and may suggest a small ocean environ-
ment,of either back-arc or Gulf of Ade~ type. 
At the present time geochemical stUdies have not aided 
significantly in the discrimination of the various environments. 
The wide chemical variation found within mid-ocean ridge basalts 
(e.g. Tarney et al, 1978), the relative lack of data on back-arc 
volcanics, and the altered state of many ophiolite sections 
are significant problems in this context. 
(ii) Ophiolite emplacement 
Despite much study, the mechanism of ophiolite emplacement 
onto continental crust is still a poorly defined process. It 
is difficult to visualize the dense, 10 km thick, slab of the 
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Oman Ophiolite "sliding" into position, on the apparently 
passive Arabian continental margin (Coleman, 1977). As Gass 
(1975 ) notes "what should normally go down goes up". 
Some of the more practical attempts to define the emplace-
ment mechanism are illustrated in Fig.1.7. and include: 
(a) the subduction of a spreading centre (Fig.1.7.B; Christensen 
and Salisbury, 1975); 
(b) the attempted subduction of a continental margin (Dewey 
and Bird, 1971). This might follow spreading-centre subduction 
as in the model for the Oman Ophiolite (Fig.1.7.AI We1land and 
Mitchell, 1977). Ophiolite elevation and exposure is affected 
by isostatic recovery of the continental margin; 
(c) dehydration of subducting ocean crust-sediments which 
causes serpentinization in the overlying mantle. Serpentinization 
could cause diapirism and vertical uplift, as in the Troodos 
model (Fig.1.7.C11 Gass, 1977 ), or regional uplift and 
emplacement by gravity-sliding (Fig.1.7.C21 Gass, 1977 ); 
(d) the scraping of slivers from the subducting slab (Fig. 
1.7.C3= Gass, 1977). This process might be facilitated by 
significant relief in the oceanic crust and could produce the 
more disrupted types of ophiolite. 
Coleman (1977) estimates that the preserved Phanerozoic 
ophiolites represent approximately 0.001% of the ocean 
lithosphere formed during that period, while Christensen and 
Salisbury (1975) point out that very often there appears to be 
only a short time-period between igneous formation and tectonic 
ophiolite emplacement. These relationships may suggest that 
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FIG.l.7o Schematic mod Is of possible mechanisms of ophiolite 
emplacement. 
(A) modified from Fig.6 o , Welland and Mitchell (1977) for the 
Semail Ophiolite, Oman: spreading centre subduction followed 
by attempted continental margin subduction. 
(B) modified from Fig.2l., Christensen and Salisbury (1975): 
partial spreading centre subduction. 
(C) taken from Fig.3., Gass (1977): (1) serpentinite diapirism 
causing ocean plate uplift, Troodos Ophiolite model, 
(2) serpentinization causing regional uplift and gravity sliding 
(3) elevation before subduction, again causing gravity sliding. 
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old, cold mid-ocean ridge crust is subducted whilst the young 
immature lithosphere of small ocean basins is more likely to be 
preserved. 
(iii) A steady-state single chamber model or multiple magma 
chambers? 
Cann (1970, 1974) envisaged a single permanent magma 
chamber beneath spreading-centres, which was continually 
replenished from beneath by upwelling magma. Recently this 
idea of a steady-state model of plate accretion has been applied 
to the ophiolites of Newfoundland (Dewey and Kidd, 1977; Kidd 
et al, 1978). In contrast, Allen (1975) suggested that lateral 
discontinuities and variable magmatic evolutionary paths in 
the Troodos plutonic sequence indicated the presence of 
multiple, small, magma chambers. In a recent review Gass and 
Smewing (1978, in press) also argued the case for multiple 
magma chambers encouraged by the irregular Stokes ian ascent 
though the upper mantle of discrete magma diapirs. 
lG. Scope and Aims of this work 
The chapters within this thesis have been written to be 
self supporting, in an endeavour to facilitate publication of 
parts of the work. This involves each chapter being introduced 
and concluded and has reduced the need for an extensive 
introduction and conclusion. Any repetition involved has been 
kept to a necessary minimum. 
It has seemed apparent throughout this work that there 
are two possible origins for the Masirah Ophiolite. It could 
have been generated in a small ocean to the NE of Arabia,as was 
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the Oman Ophiolite. or it could have formed during spreading 
of an early Indian Ocean Ridge, an environment contrary to 
the normally postulated small ocean basin. Consequently a 
common theme running through the following chapters is an 
attempt to define the nature of the former constructive margin 
and so discriminate between these alternatives • 
. 
Chapter 2 considers the occurrence of serpentinites within 
the ophiolite in the light of recent work which shows them 
to be of common occurrence in much of the oceanic crust (e.g. 
Bonatti and Honnorez, 1976). The subsequent chapter describes 
the plutonic crystallisation sequence from dunite to trondhjemite 
and considers the merits of the alternatives of steady state 
model or multiple magma chambers. Chapter 4 examines the 
structural, metamorphic and intrusive relationships of the 
sheeted dyke complex. The relative influence of the partial 
melting and fractional crystallisation processes on the whole 
rock chemistry of the dykes and overlying pillow lavas is then 
considered. There are three distinct volcanic groups within 
the ophiolite and Chapter 6 attempts briefly to define their 
origin in terms of present oceanic crustal structure. Initial 
mapping discovered the exposure of what appears to represent 
a major oceanic transform fault and the importance of this 
feature is examined, both in the oceanic environment and 
during the processes of ophiolite emplacement. Chapter 8 
briefly describes the intrusion of the ophiolite by highly-
potassiC granite magma. The short concluding chapter 
synthesizes all of the available data into a'mode1 of the 
constructive margin processes which produced the Masirah 
Ophiolite. 
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Included vithin the appendices are the petrographical, 
micro-probe, and XRF data upon which this thesis is based; 
the location or all analysed samples; and the details or the 
techniques, precision and accuracy or the various analytical 
techniques. 55 oriented palaeomagnetic samples vere collected 
during the rieldwork. These have been processed within the 
Department or Geological Sciences, University or Birmingham, 
and are now being interpreted by starr competent in this rield. 
The rinal aspect or this york is the enclosed geological 
map of Masirah Island. This covers the whole area or the 
island and provides a reconnaissance appraisal upon vhich any 
detailed economic or academic studies could be based. 
Production seemed relevant in the light or recent discoveries 
or constructive margin metallogenesis (e.g. Smewing et al, 1977). 
IH. Future Research 
It is relt that the reconnaissance studies embodied here 
vere reasonably successrul in the results they produced. Tvo 
areas might repay more detailed work. Firstly, a more detailed 
rield and mineral chemistry study or the plutonic sequence might 
alloy: (i) a more rigorous appraisal of the alternative 
hypotheses or single-state model or multiple magma chambers; 
(ii) better constraint of the processes which produced the 
volumetrically insigniricant late trondhjemitic dirrerentiates. 
The general occurrence of these, rocks in ophiolite complexes 
has hovever been the subject or a recent PhD study by Al diss 
(1978) at the Open University. Secondly, knowing the extent or 
- 17 -
the localized "off-axis" volcanics might allow a specific 
collection to be made and more information concerning their 
origin to be forthcoming. 
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CHAPTER 2 
SERPENTINITES IN THE MASlRAH OPHIOLITE, OCEAN CRUST 
PROTRUSION OR OPHIOLITE EMPLACEMENT PHENOMENA? 
1. INTRODUCTION 
Masirah Island lies on the SE edge of Arabia and is 
composed of a fully-developed but partially disrupted ophiolite 
complex. It probably represents Cretaceous ocean lithosphere 
emplaced during the late-Cretaceous-early Tertiary (Moseley, 
1969, Glennie et aI, 1974). 
The site of the former constructive margin is equivocal 
and is discussed by Moseley and Abbotts (1978) and Abbotts 
(1978b). Previously the Masirah Ophiolite has been correlated 
with the Semail Complex, Oman (e.g. Morton, 1959, Laughton, 
1966) which would suggest an origin in the late-Mesozoic ocean 
to the NE of Arabia in which the Semail was generated (Glennie 
et aI, 1974, Carney and WeIland, 1974). However study of the 
literature on the Semail suggests discrepant features between 
the two ophiolites which include (i) different sheeted-dyke 
trends (Abbotts, op.cit.), (ii) different relations to 
associated Cretaceous sediments (Glennie et aI, op.cit.), and 
(iii) different modes of emplacement (Glennie et aI, op.cit., 
Moseley and Abbotts, op.cit.). Thus it has recently been 
suggested that an alternative origin for the Masirah Ophiolite 
may be as ocean crust formed during early Indian Ocean 
spreading (Moseley and Abbotts, op.cit, Abbotts, op.cit.) 
Within the ophiolite occur several narrow belts of 
serpentinite. Some of these appear to have analogues in their 
distribution with serpentinite protrusions found in the ocean 
crust near the slow spreading Mid-Atlantic Ridge (M.A.R.) 
(Bonatti, 1976 and 1978, Bonatti and Honnorez, 1976). 
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2. DISTRIBUTION AND FIELD RELATIONS OF THE VARIOUS SERPENTINITES 
Serpentinite which is formed from mantle-derived rocks and 
does not include the partially serpentinized ultramafic 
cumulate occupies approximately 8% (56 sq.km) of the exposed 
Masirah Ophiolite. The original harzburgitic nature is evident 
I~ 
even in hand-specimen where bronze bastite-serpentines, 
replacing orthopyroxene, are prominent in a green-black 
serpentine matrix. The serpentinites are exposed in a series 
of linear belts with trends which vary from E-W in the north 
of the island to NE-SW toward the south. (Fig.2.l). These 
sub-divide on a tectonic basis into 3 groups. 
2A. Serpentinite Group I 
Serpentinites "b" and "d" are bounded by major sub-vertical 
dislocations on their SSE sides, where they occur adjacent to 
sub-vertical, red pillow lavas (Fig.2.1). The much weathered 
and easily eroded nature of both lithologies leaves the actual 
contact obscured. Their NNW contacts, with crudely-layered 
ultramafic cumulates, are conformable with the 30-400 NNW dip 
of the layering in those rocks. The actual contacts, of 
lithologies of differing competence, are obscured both by minor 
("d") to extensive shearing (east end of "b") and by intrusion 
of pegmatitic gabbros and dolerites (west end of "b"). 
Nevertheless the sequence of layered black and light grey 
cumulates overlying stratigraphically and topographically the 
brown deeply-weathered, serpentinite "d" is clearly visible from 
the SSE. Assuming the gabbro dip of 300 in these homogeneous 
serpentinites there is a maximum thickness of 1.2 km exposed 
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FIG.2.1. Geological map or the central part or Masirah 
Island showing the location or the various serpentinized 
harzburgite outcrops. 
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in "d". Both "b" and "d" contain a lineament visible on the 
1.12000 aerial photographs but because o£ the complete 
serpentinization and extremely weathered outcrop, such that 
2m are removed to obtain even coherent samples, the nature o£ 
this lineament was not discovered. It parallels the strike 
o£ "d" but trends NE-SW and is obique to the E-W striking 
serpentinite "b". In other (£resher) ophiolite harzburgites a 
banding caused by variation in the Ollopx ratio has been 
recorded but Coleman (1977) notes the problems o£ assigning 
an origin when serpentinization is advanced. Serpentinite" r " 
occupies an analogous position to "d" but relations along its 
NNW contact are much obscured by dolerite intrusion in the 
rorm o£ small irregular stocks. 
2B. Serpentinite Group 2 
Group 2 is composed o£ serpentinites outcropping in the 
melange zone on the west o£ the island (Fig.2.l). This zone 
has been described elsewhere (Moseley and Abbotts, op.cit.), 
where it was suggested that it may have developed at an ocean 
ridge transform fault. It has a minimum width of 5 km and is 
composed o£ blocks, up to 2 sq.km, of limestones, chert, 
pillow lava, sheeted dolerite dykes, and layered gabbros-
ultrama£ics orten set in a serpentinite matrix. A similar 
wide lithological range is commonly sampled along the MAR 
trans£orms (Bonatti and'Honnorez, 1976). The zone trends N-S 
in the south o£ the island, swinging to a more NE-SW trend 
in the centre and north (Fig.2.l). It cuts or£ all the 
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ophiolite units, includiqg 20 km of sheeted dykes which have 
an ENE-WSW strike, almost perpendicular to its own trend. A 
perpendicular ridge axis-transform relationship is thus in 
evidence. The exposed melange-sheeted dyke contact is vertical, 
marked firstly by 20-30 m of sheared serpentinite with a vertical 
foliation parallel the contact, and then by tectonic mixing of 
serpentinite, gabbro and dolerite. It is frequently the site 
of copper mineralisation in brecciated zones, 4-5 m wide. 
Similar tectonism and metallogenesis are found on the oceanic 
transforms (Bonatti et aI, 1976). In the extreme south of the 
zone there occurs extensive serpentinite breccias, with fragments 
30-100 cm in diameter, whilst all the other lithologies are 
frequently similarly brecciated. The serpentinite blocks in 
the extreme N of Fig.2.1 show similar brecciation, are associated 
with blocks of a similar wide lithological range, and may 
possibly mark the melange continuation on a deflected trend. 
An extensive coastal gravel fan development prevents proof of this 
continuity. 
2C. Serpentinite Group 3 
The serpentinites "c", "en, and probably "a", are bounded 
by major sub-vertical, parallel faults on both sides and 
separate pillow lavas from gabbro sequences with variable 
proportions of dolerite dykes (Fig.2.l). Serpentinite "en, 
though disrupted by E-W and NW-SE faulting, swells and thins 
markedly along strike. Subsequent granite intrusion has 
obscured the relations of "a". The southern contact of "c" 
with massive leucogabbros is a line of tectonic shearing. 
' .. 
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5-6 m, o£ sheared £oliated serpentinite, the £oliation rather 
irregular but approximately parallel the contact, are in 
contact with weathered leucogabbro which is much granulated 
and veined by epidote. 
J. OUTCROP CHARACTERISTICS 
All outcrops are almost completely (99-100 per cent) 
serpentinised, a process probably encouraged bYI (1) their 
common occurrence either along, or within 1 km o£, major £aulting; 
(2) the presence o£ abundant, close joints, less than a cm. 
apart and occasionally lined by white near-amorphous calcite; 
(J) olivine grain boundaries and cracks, which direct the 
. , 
serpentinization on the miscroscopic scale and result in the 
£inal "mesh-texture".Intermediate stages o£ the serpentinization 
process are seen in the partially-serpentinized, cumulate 
mela-olivine gabbros. The brown-weathering serpentinite is 
monotonously homogeneous in the £ie1d except £or (i) spherical 
structures, JO-50 cm. in diameter, which may result £rom 
di££erential weathering o£ the joint-directed serpentinization 
process or possibly slow serpentinite £lowage. (ii) common 
gabbroic intrusions which are described below. The extreme 
serpentinization and weathering has obscured any igneous or 
tectonic variation but their homogeneity and spinel-harzburgite 
origin is obvious in their modal composition (Table 2.1., 
Fig. 2.2). Serpentinization per£ectly pseudomorphs the 
scattered orthopyroxene grains which are commonly associated 
with the spinel phase (c.£. Aumento and Loubat, 1971, who noticed 
CPX 
ORTHOPYROX E N ITE 
OLIVINE 
PYROXEN ITE 
WEHRLITE 
FIG.2.2. Uniform harzburgitic nature of the Masirah 
serpentinites illustrated by the ;(ernary modal diagram 
of Moores (1972). { 
DUNITE 
OL 
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a similar ~eature in M.A.R. serpentinites~ Olivine texture 
and grain-size is obscured by serpentinization though the 
orthopyroxene average, 5 mm, ranging ~rom 2-6 mm. Shearing 
subsequent to serpentinization is indicated by narrow 
( < 0.1 mm) cataclased serpentine bands. 
Table 2.1. Serpentinite Modal Compositions 
Range 
*1 ( *2) Serpentine + Magnetite a~ter olivine 82.2-91.9 
Bastite serpentin.*l (a~ter orthopyroxene) 4.3-17.3 
Chrome spinel*3 0.5- 2.9 
Clinopyroxene 0.9- 4.0 
Mean(6) 
84.3 
14.0 
1.6 
0.8*4 
*1 Lizardite and minor chrysotile determined by XRD, 
~ollowing methods o~ Aumento (1970) and con~irmed 
by thermogravimetry. 
*2 Very rare relicts (0.05 mm). 
*3 Not proven by micro-probe but dark-brown colour 
and whole rock content of 3500 ppm Cr suggests 
chrome-spinel (Irvine and Findlay, 1972). 
*4 Clinopyroxene only present in 2 of 17 sections 
studied. 
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4. MINOR INTRUSIONS 
The homogeneity o£ the serpentinite outcrop is £requently 
masked by complex and cross-cutting systems o£ veins, dykes 
and pods o£ gabbro, gabbro pegmatite, less common anorthosite, 
the latter two with a 5-15 cm grain-size, dolerite and rarer 
clinopyroxenite. The proportions o£ these vary widelYI a 
large area at the E end o£ the serpentinite "b" contained only 
2 narrow gabbro dykes whereas locally areas o£ "en oontain 
50-70 per cent intrusive gabbro and gabbro pegmatite. An 
average o£ all £ield observations gives 78~ serpentinite and 
22% minor intrusions. Dykes and veins are commonly 2-60 cm 
~ wide and can be £ollowed £or 0.5-50 m whilst the pods and 
more irregular intrusions occupy areas o£ 2-30 sq.m. All have 
sharp contacts with the serpentinized harzburzite host and no 
textures reminiscent o£ insitu partial melting or segregation 
were seen. Coarse grain-sizes in the pegmatites, even in veins 
10 cm across, indioate a hot environment when intruded. There 
exists a oomplete variation in this pegmatitio £aoies to 
anorthositic intrusions with only minor amphibole. All o£ the 
intrusions are £requently granulated and show varying degrees 
o£ saussuritization-uralitization but they do not appear to 
show the e£fects o£ the rodingitization processes recorded in 
M.A.R. ocean £loor equivalents (Honnorez and Kirst, 1976). 
In oontrast plagioclase is £requently quite fresh whereas the 
larger poikilitio clinopyroxene is uralitized. Some reorystal-
lisation is indioated by very £resh, triple-Junotioned plagioolase. 
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There seems to be all transitions from completely irregular, 
cross-cutting, intrusions (e.g. in the W. of the in-place 
serpentinite IIb ll ) to some alignment of the veins and pods 
parallel to the strike of the serpentinites lie" and "f". One 
larger gabbro in "f" is cut by dolerite dykes which terminate 
against the host serpentinite and is clearly an incorporated 
tectonic block, as seen in the melange zone. 
Minor intrusives cutting the harzburgite-dunite-lherzolite 
component are common recorded in the ophiolite literature 
(Reinhardt, 1969; Irvine and Findlay, 1972; Allemann and Peters, 
1972; Menzies and Allen, 1974). Allemann and Peters (op.cit) 
note common gabbro-gabbro pegmatite-dolerite-anorthosite-
orthopyroxenite-clinopyroxenite intrusions in the top 500 m. of 
the Semail harzburgite. 
5. SERPENTINITE WHOLE-ROCK CHEMISTRY 
The uniform serpentinite chemistry is illustrated by the 
XRF analyses listed in Table 2.2. Table 2.) compares the mean 
of these with) fresher harzburgites from other ophiolites and 
the ocean floor. In view of the difficulty of obtaining 
acceptable geochemical samples their coherence internally and 
with these harzburgites is quite good. There are discrepancies 
in Mg, Fe and Si between the fresher rocks and these Masirah 
samples; in particular the Masirah serpentinites have high Si02 
and low MgO. The MgO/Si02 ratio of 0.85 compares with a mean 
of 1.02 quoted by Coleman (1977), who suggests that if 
serpen~inization does not involve brucite formation it will be a 
T3ble 2.2 Representative analyses Ef Masirah Serpentinites 
ROCK NO )(14 :1Al00 r1A 135 I1All0 MA12S X152 MA10S MA 31 
5102 1.1.90 42.11l 40.21 l.0.58 40.72 4'.F8 40.'-5 42.77 
1102 0.01 0.01 0.01 0.01 0.0 1 0.01 0.01 G.01 
AL203 1.51 1.37 O.5P C.36 V.52 0.1.8 0.37 0.48 
F[203 1.16 1.20 1 .18 1.19 1.16 1.26 1.18 1. 17 
FEO 7.63 7.92 7.81 7.84 7.1,'( 6.31 7.7Q 7.1,0 
MNO C.OO 0.00 0.12 0.17 0.11 (I. 1 . .s 0.17 fl. 10 
MGO 3l..11. 32.93 35.45 3l..07 35.65 34.22 34.35 38.l.4 
CAD 0.1.9 ().5.~ O.l~ 0.73 0.23 0.,2 0.52 0.15 
,a20 C.O') 0.0c; 0.07 0.21 D.Ot 0.05 0.0t. O.OS 
1(20 n.Q1 0.01 0.01 0.01 0.01 O.C2 0.01 0.01 
P205 C.GO 0.00 0.00 0.00 0.00 \).00 0.00 0.00 
H2O. 1).21 1).46 1).76 14.15 1)·90 14.90 15.)7 10.12 
TOT~L 100.71 99.6) 99.)8 99.82 99.99 101.50 100.46 100.99 
TRACE ELEMENTS IN PPM 
NI 2077 2336 2505 2337 25SS 21.49 239D 24'5t 
CR 3E 4 3 310() 3539 3453 3321 32l.3 3171 3478 
ZN 30 33 1.4 37 57 42 42 3S 
GA 4 -2 -2 -2 -2 -2 ~ -2 -L 
1(8 -1 -1 -1 -1 -1 -1 -1 1 
SR 14 10 10 15 23 12 11 59 
y 
-2 -2 -2 -2 -2 -2 -2 -? 
Z Ji 1 1 3 3 4 4 5 ~ 
rIB -1 -1 1 2 1 -1 
., 
-1 L-
BA 11 -4 7 l. ~ 1(. 1 1, I 
LA -2 -2 1 1 2 2 3 2. 
CE -3 3 7 3 5 8 7 6 
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. Table 2.3 Moan Ma;d.rah '9mentisi to compared with otb9F 
ophiolite and oceM-crust harzburgit,. 
A 1 2 3 
51°2 47.:31 43.72 42.41 47.91 
Ti02 0.01 0.01 0.06 0.03 
A120 3 
0.81 0.47 0.48 0.91 
FeO 10.10 8.19 8.28 6.35 
NnO 0.15 0.1.5 0.16 n.d. 
1-1 gO 40.30 45.99 46.95 43.96 
CnO 0.41 0.77 0.75 0.74 
Nn 0 2 0.08 0.01 O.Os 0.09 
K20 0.01 0.00 0.01 0.01 
P20S 0.01 0.01 0.00 n.d. 
NiO 0.31 0.27 0.30 n.d. 
crO 0 • .50 0.39 0.48 n.d. 
Total 100.00 100.00 100.00 100.00 
A Avg 8 Masirah serpentinites, reca1culat,d anhydrou' 
1 
2 
n.d. 
Avg 8 Troodos harzburgltea (Allen, 197') 
Avg 7 Othria harzburgltes (Menzie. and Allen, 1974) 
Mid-Atlantic Ridge 4SoN, .erpentinized harzburgite, 
recalculated anhydrous, (Christensen, 1972, AII-32-8-4) 
not detennlned. 
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process of Mg loss and/or Si02 gain. XRD and thermogravimetric 
study, did not reveal the presence of brucite, suggesting 
that the extreme serpentinization may have involved minor 
chemical adjustmeat. 
The complete serpentinization and possible element mobility 
precludes knowledge of the original chemistry and prevents use 
in quantitative modelling of the ophiolite petrogenesis. 
5A. Residual Nature 
The serpentinites are hydrated olivine-orthopyroxene rocks 
composed predominantly of Mg, Fe, Si and added OH. Combined, 
these 4 oxides form 98-99% of the serpentinites which are thus 
distinguished by their low levels of Ca, AI, Ti, K, Na, P, Rb, 
Sr, Ba, Y and the other incompatible trace elements, many of 
which approach the lower limits of detection of the XRF method 
(Table 2.2). The low CaO (0.15-0.73 per cent) and A120 2 (0.36-
1.51 per cent) reflect the absence of plagioclase and 
clinopyroxene. Orthopyroxene in harzburgite contains 0.6-1.6% 
A1 20 3 and 1.3-1.4% CaO (Allen, 1975) and whole-rock contents 
in excess of orthopyroxene contribution are probably accom-
modated in the spinel (A120 3 ) and the exsolved clinopyroxene 
(CaO) phases. Thus MAlOO, which has a slightly higher A120 3 
level, has a high modal spinel content and MAllO, which 
contains minor clinopyroxene has higher CaO and Na20. 
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5B. The serpentinite-cumulate ultrama~ic discontinuity. 
Levels o~ the compatible trace elements Ni (2077-2601 ppm) 
and Cr (3100-3843 ppm) are uni~ormally high in the serpentinites 
and a clear discontinuity, particularly o~ Ni, exists between 
them and the lower contents in the cumulate rocks (Fig.2.3). 
The pronounced ~all in Ni levels to the most primitive 
cumulate.with 1325 ppm Ni is signi~icant because both rocks 
contain comparable amounts o~ olivine (-- 85 modal %). The 
high ~L/Lvalue means that the element will be largely 
Ni 
accommodated in that phase. The discontinuity between the 
serpentinites and the partially serpentinised early olivine 
cumulates is clearly shown in the levels o~ Ni, Mg, Ti and 
The very low CaO and AlZ0 3 contents in the serpentinites 
are shown in Fig.Z.5 to be only typical o~ this rock-type. It 
is noticeable however that the Masirah samples have a lower 
CaO I Al20 3 ratio than harzburgites rrom elsewhere; the mean 
ratio o~ 0.5 compares with 1.5 ~or the Troodos samples (~len, 
1975) and an overall range or 0.5 to 2.0. It is possible that 
the low ratio is the result or the complete serpentinization o~ 
these rocks. Locally Joints in the serpentinite are calcite-
lined which could indicate some Ca expUlsion during serpentin-
ization. The possibility o~ this has been suggested by 
Coleman and Keith (1971). However the low CaO/Alz03 character-
istic is rerlected also in the mantle partial melts respresented 
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FIG.2.3. Ni-Cr plot incorporating the "alpine peridotite" 
(tectonite harzburgite-dunite-lherzolite) - "stratiform 
complex" (layered cumulates) discriminator of Irvine and 
Findlay (1972). The Troodos harzburgite field is taken 
from Allen (1975). The serpentinites are clearly discriminated 
from the other plutonic types. 
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serpentinites and olivine-b~aring cumulate rocks. Note that 
the samples are arranged simply in order or increasing Zr 
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section. 
CAO 
AL203 _6 \ 
I") 
~ 1:2 
'J ' ~ 
• o · 1:1 
J 
2:1_ ...... 
-
-
-
• • , 
, 
, 
-
-
, 
, 
, 
x 
x 
-~. 
x 
'" 
• MASIRAH SERPENTINITES 
x TROODOS 
o OTHRIS 
• PAPUA ~HARZBURGITES 
C NEW CALEDONIA 
* BURROW MOUNTAIN 
"', . 
'" . 
•• ,
v v v V V V N 6 r:: I ., ., 1 MGO 
FIG.2.5. CaO-A1 20,-MgO ternary diagra~ or 
the Masirah serpentinites 
and other ophiolite 
mantle harzburgites. 
Data sources: Troodos 
(Allen, 1975); Othris 
(ayg.or 7, Menzies and 
Allen, 1974); Papua 
(Davies, 1971); New 
Caledonia (avg.or 4, 
Guil1on, 1975); Burrow 
Mt. Ca1irornia (avg.or 8, 
Loney et aI, 1971). Note 
the generally low 
CaO/Al 0 ratio in the 
Masirafl iamp1es compared 
to the other harzburgites. 
- 29 -
by the gabbro-dyke-lava sequence on Masirah. These show an 
ol-pl-di crystallisation sequence in both the gabbros and the 
lava phenocryst phases. This indicates, because plagioclase 
precedes clinopyroxene, a low CaO/CaO + A120 3 ratio in the 
basaltic liquid. 
6. RESIDUAL MANTLE OR CUMULATE ORIGIN FOR THE SERPENTINITES 
In recent years much experimental and field evidence has 
accumulated to support the hypothesis that partial melting of 
an aluminous peridotite in the upper mantle beneath spreading 
centres produces a basaltic/picritic melt and a (spinel) 
harzburgite residuum (Menzies and Allen, 1975; Smewing et aI, 
1975; Malpas, 1978). Quantitative evaluation of this hypothesis 
is not possible here because of the absence on Masirah of 
undepleted aluminous peridotite mantle. 
The Masirah serpentinites are formed from spinel 
harzburgites (01 + opx + sp ± cpx). At present only two 
plausible explanations of such an assemblage are apparent I 
they might be early cumulate products of fractional crystal-
lisation or they could represent residual mantle. A cumulate 
origin is discounted for the following reasons. 
(1) Serpentinite "d" represents at least 1.2 km thickness 
of an olivine-orthopyroxene assemblage (Fig.2.l). To 
a 
precipitate this thickness of/uniform ultramafic cumulate would 
require an impossibly large parent magma. 
(2) The layered plutonic sequence overlying the 
serpentinites "a" and "d" shows the following sequence of 
cumulus phasesl 
- JO -
(a) cr + 01 (b) 01 (c) 01 + pI (d) 01 + pI + di (e) pI + di. 
Orthopyroxene does not occur as a cumulus phase and in 
approximately 100 sections it was only seen 5 times as narrow 
olivine reactionrims in mela-olivine gabbros. In contrast the 
cumulates contain plagioclase and diopside and are Ne, and not 
Hy, normative. It does not seem possible to fit the 
harzburgites into this crystallisation sequence. 
(J) Fig.2.4 shows no variability in the levels of Ni, 
MgO, Ti02 and A120 J in the serpentinite samples. There is a 
marked serpentinite-cumulate sequence discontinuity and the 
cumulates show the obvious effects of modal and cryptic 
variation (e. g .'A120 J and Ti02 increase with incoming plagioclase 
and diopside, MgO decreases with decreasing olivine content 
and Ni is rapidly reduced by the early cumulus olivine with a 
high ~L/~. Fig.2.J shows the serpentinites and the cumulates 
Ni 
plotting respectively in the "alpine peridotite" (= mantle 
ultramafic) and "stratiform complex" (= low-P cumulates) fields 
of Irvine and Findlay (1972). 
(4) The olivine-orthopyroxene reaction relationships 
below 6 kb anhydrous (Kushiro et aI, 1968) does not allow 
cotectic crystallisation of these phases in the proportions 
in evidence in the serpentinites. 
(5) Olivine-orthopyroxene residues are common in aluminous 
peridotite systems (Green, 1970). 
Points (1) - (5) are all compatible with the residual 
mantle hypothesis. The extremely low levels of AI, Ca, K. Na, 
P, Ti and other LIL elements and the uniformally high Cr, Ni 
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and Mg are all suggestive or a residuum depleted by partial 
melt extraction. The serpentinites could not themselves produce 
a tholeiitic liquid by the commonly suggested 10-20 per cent of 
partial melting: for example the CaO «0.73%) and Ti02 
«0.02%) contents suggest that a 20 per cent melt would contain 
a maximum 3.65% (CaO) and 0.10% (Ti02 ), a 10 per cent melt a 
maximum 7.30% (CaO) and 0.20% (Ti02 ). Clearly these figures 
are too low for basalt production unless tholeiites can be formed 
from rather lower (1-5%) percentages of partial melt than is 
at present believed. Various geochemical parameters, and in 
particular REE levels, do not support these low degrees of 
partial melting for the formation of ocean tholeiites. Thus 
it is suggested that these serpentinites represent residual 
mantle derived by basalt extraction from less-depleted mantle. 
The extracted basalt melt is represented by the gabbro-dyke-
lava sequence on Masirah. The less-depleted mantle probably 
consisted of the plagioclase lherzolite seen in the Othris and 
other mantle sequences (Menzies and Allen, 1974). A minimum 
gabbro-dyke-lava th~kness or 5.75 km is present on Masirah. 
AssuminglO-20% partial melting, suggested later by REE 
modelling, there will be over 23 km or harzburgite residue. 
It therefore seems reasonable to suggest that the limited 
serpentinite thickness (1.2 km) below the cumUlates means that 
sampling is confined to the top of the mantle sequence, where 
basalt extraction and harzburgite production will be most 
successrul. Notwithstanding this, these uniform serpentinised 
harzburgites, and the absence of the lherzolitic type, suggests 
efficient partial melt segregation and/or extraction at an 
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established spreading centre. Dickey (1975) suggested that a 
zone-refining process "purifies" the harzburgite as it moves 
laterally out of the MOR thermal regime. 
7. TIMING OF SERPENTINIZATION 
The problem of the timing and process of serpentinite 
emplacement is probably inter-related with that of the timing 
of serpentinization of these upper mantle harzburgites. 
Wenner and Taylor (1971) and Coleman (1971) suggested that most 
serpentinization is affected by meteoric water during ophiolite 
emplacement whilst Barnes (1978) presents evidence that 
present-day serpentinization « l150 C) is occurring in the 
Semai1 Complex, Oman. However ocean-crust serpentinization 
caused by sea water penetration of fractures is also a well-
documented process (Miyashiro et a1, 1969 and 19701 
Christensen, 1970 and 1971; Aumento and Loubat, 1971; Cann, 
1974; Bonatti, 1976 and 1978, Bonatti and Honnorez, 1978). 
It appears that serpentinization can occur almost immediately 
adjacent to the spreading centre, during emplacement, or as a 
slow post-emplacement process. 
Thermogravimetric and XRD studies of these serpentinites 
have failed to detect the presence of brucite in the lizardite-
chrysotile assemblage. A similar absence of brucite was noted 
by Aumento (1970) in MAR dredged serpentinites. Shear bands 
through the serpentinite mesh texture suggest some tectonism 
subsequent to serpentinization. 
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8. TIMING OF SERPENTINITE EMPLACEMENT 
Serpentinite emplacement within the Masirah sequence 
could have occurred a (1) near ridge, where analogy with the 
present oceanic crust indicates extensive serpentinite diapirism 
(e.g. Aumento, 1970; Thompson and Melson, 1972; Bonatti, 1976 
and 1978; Bonatti and Honnorez, 1976); (2) during ophiolite 
emplacement; () some combination of both processes ~ith the 
emplacement tectonics possibly influenced by major ocean-crust 
faults. 
8A. Group 1 serpentinite emplacement 
Serpentinites "b" and "d" appear to conformably underlie 
the cumulate sequence (Fig.2.1) and probably formed the magma-
chamber floor on which the latter accumulated. The actual 
contact, the petrological Moho, is the site of minor shearing 
which may have occurred in the near-axis environment before 
cumulate consolidation, or during ophiolite emplacement. 
(More detailed study might discriminate between these possibilities). 
Emplacement of those serpentinites into their present position 
seems to involve ophiolite dislocation along NE-SW faults, 
which bound both "btl and "d" on their SE sides, and tilting of 
the ophiolite to dip )0-400 to the NW. "D" is also confined 
by apparently earlier NNW-SSE faulting. 
Serpentinite "f" occupies an analogous position to "d". 
Its SE contact is a vertical tectonic line and steps from pillow 
lava to gabbro cut by dolerite dykes. Additionally the 
tectonic incorporation within the serpentinite of a large gabbro 
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block cut by dolerite dykes was noted earlier. The NW contact 
is obscured by poor exposure and intrusion of massive dolerite. 
8B. Group 2 serpentinite emplacement 
Extensive work on MAR serpentinites emplaced at a high-
level in the oceanic crust (e.g. Bonatti, 1976 and 1978; 
Bonatti and Honnorez, 1976) has resulted in the following 
explanation of their emplacement: (1) sea-water penetrates 
the crust along both major transform faults which displace the 
ridge-axis and smaller faults which parallel the ridge-axis. 
Some of these faults are believed to extend to the upper mantle 
(Lister. 1972). (2) The sea-water causes hydration and 
serpentinization of the mantle peridotites. (J) The same faults 
are loci for upward serpentinite diapirism encouraged by (a) 
the low strength of serpentinite, relative to gabbro, at the 
temperatures of J-4oooc prevalent in the lower crust 
(Raleigh and Paterson, 1965; Paterson, 1967); (b) the low 
density of serpentinite, relative to gabbro, and its consequent 
bouyancy; (c) complex patterns of compression and tension 
acting on the faults as they move from the ridge; (iv) some 
volume increase, during the near-isochemical serpentinization 
process. The potency of tectonic serpentinite diapirism is 
illustrated by Dickinson (1966) who records diapirism actually 
reaching land surface and resulting in serpentinite flowage. 
Group 2 comprises the discontinuous serpentinite blocks 
and matrix in the western melange. The melange cross-cuts 
all of the ophiolite units, including juxtaposed serpentinised 
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harzburgite and "gabbro with dykes" E of Sur-Masirah. It is 
suggested here, and argued at greater length elsewhere 
(Moseley and Abbotts, 1978) that the melange represents a 
transform fault and the serpentinites represent diapirism along 
that fault. The resulting lubricated crustal suture may have 
been utilized during ophiolite uplift and emplacement which 
would explain its cross-cutting nature of vertically displaced 
units. Fox et al (1976) note that in the N.Atlantic an 
important transform occurs, approximately, every 55 km. Except 
for that recorded by Simonian and Gass (1978) on Troodos, the 
absence of transforms in the ophiolite literature could suggest 
that (i) the tectonics of emplacement, except in intact ophiolites 
such as Troodos, obscures their presence. (ii) most ophiolites 
do not represent fragments of transform-faulted mid-ocean 
ridge but instead the younger more ductile crust of small ocean-
basins or (iii) transformfaults, being common lines of weakness 
in the ocean lithosphere, are thrust along and obscured during 
ophiolite uplift and emplacement onto continental crust. 
The Arakapas fault zone on Cyprus has recently been 
convincingly described as a former oceanic transform (Simonian 
and Gass, op.cit). The structure consists of mafic volcanics 
and clastic sediments deposited along a trough within 
brecciated basement, largely of sheeted dykes. There are some 
similarities between the Arakapas transform zone and the 
melange belt on Nasirah which includel (1) their development 
within sheeted dyke complex and a trend rotation within that 
complex from perpendicular to the transform to parallelism 
near the contact, (2) serpentinite emplacement near and along 
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the transform. The more important distinction of the 
structures is the much greater degree within the Masirah 
example of mechanical brecciation, serpentinite diapirism and 
serpentinite incorporation of blocks of the varied ophiolite 
lithologies. 
8C. Group) serpentinite emplacement 
Serpentinites "c" and "en are bounded on both sides by 
major vertical fault.. Both have contacts on one side with 
tilted cumulate gabbro blocks and on the other with pillow 
lavas (Fig.2.l). This suggests relative vertical displacement 
of at least 2-) km because approximately 1.8 km of sheeted 
dykes and at least 0.5 km of massive gabbro are present on the 
island (Abbotts 1978b and d). The serpentinites have not 
incorporated any blocks of sediments-lavas-dykes but contain 
the common minor intrusions described above. The infrequent 
presence of coherent dolerite dykes, which can be followed as 
far as exposure allow « 50 m), suggests intrusion into a 
cooler environment than that of the more common coarse gabbros-
gabbro pegmatites. This, in turn, may suggest serpentinite 
protrusion upwards in a near-axis environment when limited 
magma was still available. (c.f. Dewey and Kidd, 1978). There 
is no thermal aureole development. From this evidence cold, fault-
directed, protrusion appears to be suggested. The NE-SW strike 
of "en and E-W of "c" approximately parallels that of the ENE-WSW 
sheeted dykes and thus also that of the original spreading-axis. 
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It was noted earlier that serpentinite distribution in 
the present upper ocean crust of the MAR follows a roughly 
orthogonal pattern, with serpentinites present along faults 
both parallel and perpendicular to the axis. Bonatti (1976) 
noted that the narrower serpentinite protrusions on the former 
reach progressively higher levels at greater distance from the 
ridge and calculated from the relationship that diapirism 
occurs at approximately 1 mm/l year. 
The emplacement of these serpentinites might be as foilowsl 
(1) deep faulting parallel to the spreading ridge allowed water 
access to the upper mantle and resulted in local serpentinization. 
The presence of faulting of this trend is suggested within the 
sheeted dyke complex where faults of significant displacement, 
but free of serpentinite, occur parallel to the dyke trend and 
therefore the original spreading axis (Abbotts, 1978b); 
(2) Serpentinization provoked upward diapirism largely along 
the faults which allowed water entry; (3) During ophiolite 
uplift and emplacement any accommodating movement, including 
regional tilting of the gabbros, would have utilized these weak 
lubricated zones. 
The original geological relationships of serpentinite "a" 
are obscured both by subsequent granite intrusion (Abbotts, 1978c) 
and its position within an E-W zone of concentrated and complex 
tectonic disruption (Fig.2.l). Significant vertical displacements 
have occurred to place pillow lavas between serpentinites "a" 
and "c" but whether wholly attributable to the tectonics of 
ophiolite emplacement is not clear on present field evidence. 
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9. ORIGIN OF THE MINOR INTRUSIONS 
Minor intrusives cutting harzburgite, and its serpentinised 
equivalent, have been commonly recorded in the ophiolite 
literature (e.g. Allemann and Peters, 1972; Irvine and Findlay, 
1972; Menzies and Allen, 1974). The latter authors suggest 
that gabbro veins cutting the Troodos and Othris harzburites 
represent coalesced melt, generated during partial melting below 
the ocean ridges, which has not escaped into the overlying 
magma chamber(s). 
Salient features of the minor intrusions in the Masirah 
serpentinites include I 
(i) Sharp contacts with the serpentinites, no textures 
suggestive of insitu segregation and no evidence of chilling 
in the dominant gabbro varieties; 
(ii) A variation in their degree of development from 1% 
of the outcrop in parts of the insitu "b" up to 70% in part 
of He", 
(iii) Pegmatitic gabbros occur in 15 cm wide veinlets and 
fire-grain dolerite in 30 cm wide dykes suggestive of 
variable environments of intrusion, 
(iv) Generally a degree of shearing and cataclasis; 
(v) In the insitu Group 1 serpentinites the dykes have 
irregular trends but in the Group 3 type ("e" and probably "f") 
there is some tendency for more discontinuous podiform gabbro 
development with an alignment parallel the strike of serpentinite 
belt. 
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The field evidence suggests a range in timing of intrusion. 
The pegmatitic gabbros and allied anorthosites probably represent 
coalesced partial melt generated under the spreading ridge 
which did not succeed in escaping into the overlying magma 
chamber(s). A hot axial environment is necessary to explain 
the coarse grain-size in narrow veins. Their invariably sharp 
contacts with the serpentinite suggest that all of the gabbros 
have left their regions of segregation and were arrested during 
ascent through the upper mantle. A poss~ble alternative, 
suggested by the rarity of gabbros in the east part of the 
insitu serpentinite "b" and their concentration in the Group 3 
type, are that some intrusion occurred during the suggested 
Group 3 serpentinite protrusion into the overlying gabbro units. 
The aligned podiform gabbros, frequently granulated in 
section, may have been developed during serpentinite protrusion 
because of their stronger, more rigid, nature compared to the 
ductile serpentinite matrix. 
10. SIGNIFICANCE OF THE SERPiNTINITES. THEIR ASSOCIATED 
FAULTING, AND THE MELANGE 
The common occurrence on Masirah of narrow serpentinite 
lenses occurring along major fault-lines has an analogue in 
the slow spreading, much faulted, MAR (Bonatti and Honnorez, 
1976; Bonatti, 1978). The Group 3 serpentinites, which parallel 
the sheeted dyke trend, are on a smaller scale than the melange 
with its significant serpentinite component which cross-cuts 
the sheeted dyke trend. The latter has mechanically incorporated 
lithological blocks ranging from chert to ultramafic cumulate. 
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The contrasting scale and relationship to the spreading axis 
is again comparable to findings on the MAR (Bonatti, 1976). 
Cann (1974) suggests that the occurrence within an ophiolite 
of "fault sets of considerable throw and serpentinite diapirism" 
indicates a rifted constructive margin. The Masirah-MAR 
analogy may qualitatively suggest a faulted, slow spreading, 
constructive margin for the Masirah Ophiolite. 
Plate 2. 1 
(a) Typical low-lying exposure of serpentinised harzburgite. 
Lighter pods are the minor intrusions of pegmatitic gabbro, 
leucogabbro and anorthosite referred to in the text (P. 24. ). 
W of Macula FT881582 
(b) Serpentinised harzburgite containing calcite veins. These 
veins may indicate Ca expulsion during the serpentinization 
process and explain the low CaO/A1203 ratios of the 
serpentinites (P. 28 ). 
The hammer is 30 cm long. 
Jabal Hamra FT935705 
Plate 2.2 
(a) The contact of a gabbro pegmatite vein in serpentinite. The 
coarse grain-size in these minor intrusions suggests a hot 
environment when they were intruded (P. 24. ). 
(b) 
Jabal Hamra FT930700 
. Detail of minor 
Light mineral = 
Jabal Hamra 
intrusion of gabbro pegmatite in serpentinite. 
plagioclase, dark mineral = clinopyroxene 
FT935705 
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CHAPTER 3 
THE MASIRAH PLUTONIC ROCKS: OUTCROPS OF OCEANIC LOWER CRUST 
1. INTRODUCTION 
Masirah Island lies 25 km. off the SE coast of Oman, at 
the NW margin of the Indian Ocean, and is formed of a well-
exposed ophiolite complex (Moseley, 1969; Glennie et al, 1974 
Abbotts, 1978a). Emplacement tectonics have involved some 
disruption of the former ocean-crust stratigraphy but the 
gabbro-sheeted dyke and sheeted dyke-pillow lava relationships 
are clearly displayed (Abbotts, 1978b). 
The ophiolite is associated with Lower to Mid-Cretaceous 
sediments (Glennie et al, 1974) and is unconformably overlain 
by Lower Tertiary limestone (Lees, 1928; Moseley, 1969). It 
is believed to represent Cretaceous ocean crust emplaced 
during Upper Cretaceous - Lower Tertiary times. This paper 
examines both the structural and intrusive relationships and 
the whole rock and mineral chemistry of the plutonic rocks and 
provides some information on the processes operative in the 
lower crust of constructive margins. 
The igneous rock nomenclature of Streckeisen (1976) and 
where appropriate the layering terminology of Jackson (1967) 
are employed. For the sake of space, the general term "gabbro" 
is used to describe the complete plutonic assemblage. 
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FIG.I. Geological map of Masirah Island showing the 
disposition of the major lithological units. Gabbroic 
rocks occurs (i) as minor intrusions of the serpentinized 
harzburgi tes; (ii) as cumulates of the ttplutonic sequence" J 
(iii) as massive gabbro screens between dykes of the sheeted 
dyke complex; (iv) as intrusions of the sheeted dyke complex. 
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2. FIELD RELATIONS OF THE GABBROS 
Approximately 38 per cent, or 250 sq.km., of the exposure 
on Masirah Island is composed of coarse-grained magmatic rocks. 
These vary from plagioclase-dunite, with 90 modal 
per cent cumulus olivine, to trondhjemitic differentiates with 
33 per cent modal quartz. As a rather arbitrary division these 
rocks have four main types of occurrence (Fig.l). These are 
7 (a) minor intrusions, dominantly gabbroic, of mantle I 
serpentinites. (b) Ultramafic-mafic cumulates which are 
frequently layered and intruded by rare dolerite dykes. They 
form high relief in the north of the island. (c) More massive 
gabbros intruded by a variable proportion of dolerite dykes 
(Abbotts, 1978b). (d) Ultramafic-mafic intrusions of the sheeted 
dyke complex. 
2A. Minor intrusions in the mantle serpentini tes 
These minor intrusions form an integral part of the 
limited mantle-rock exposures on Masirah and their field-
relations are described in detail with that of their host 
(Abbotts, 1978e). Briefly, they occur as complex systems of 
veins, dykes and pods of coarse to pegmatitic clinopyroxene-
gabbro and leucogabbro, some virtually anorthositic, and rarer 
dolerites. All intrusions have sharp, cross-cutting 
contacts with the host serpentinite, whose harzburgitic nature 
is evident even in the field. The intrusions form 1-70 per 
cent of the outcrops, averaging 20 per cent, and their extent 
varies from 2-60 cm wide dykes and veins, which can be 
followed for 20-30 m before pinching out, to more irregular 
pods or bosses of 20-30 sq.m. outcrop. 
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2B. Ultramafic-mafic cumulates 
(i) Magma chamber base. 
Most cumulate exposures are delimited by steep faulting 
(Figs.l and 2) but in two areas their stratigraphic base is 
exposed. At Turtle Beach (Fig.2) brown/low-lying, deeply-
weathered, serpentinites which represent depleted spinel-
harzburgite mantle (Abbotts, 1978e) are overlain by black-grey, 
crudely-layered, ultramafic cumulates (Fig.2). The cumulates 
vary in type from plagioclase-dunite to olivine-anorthosite and 
o their layering has a 30-40 dip to the NNW. The actual contact, 
the petrological Moho, is clearly conformable with the cumulate 
dip. South west and east of Jabal Hamra (Fig.2) the same 
boundary is much obscured by minor shearing and by subsequent 
gabbro-gabbro pegmatite-dolerite intrusion. 
(ii) Cumulate crystallisation sequence 
The crystallisation sequence followed by the cumulate 
rocks was (a) Cr + 01, (b) 01, (c) 01 + PI, (d) 01 + PI + Di, 
(e) PI + Di, (f) PI + Di + Hb + Mt. Table 1 sets out 
schematically the petrological and petrographical details of 
both the cumulate rocks and the massive gabbro unit. 
(iii) Lower ultramafic cumulates 
Basal chromite deposits equivalent to those present at 
the base of the Troodos sequence (Greenbaum, 1972) were not 
located. Small «0.5 mm) chrome spinel grains are frequently 
contained within, and therefore preceded, the cumulus olivine 
phase and it is possible that more detailed mapping might reveal 
Table 1 : Main petrological details and deduced vertical sequence of the Masirah plutonic rocks 
Lithologic Type Cumulus Intercumulus Percentages Development Uralitization 
unit locations phases phases of dykes of layering*l (ampb/cpx) 
Upper )km Not cumulate i Variab1e Usually 
SE of .5-95 massive. 64% Massive Rare steep (n=lO) 
gabbro Sur-Masirah Pl-Cpx-Hb- layering 
(8)0560 ) Mt-Ap-Zr 
~ FAULTING 
Gabbro Ras Al Ya Pl+Cpx 
1 
Massive 
cumulates (0)0690) Overgrowths sequences 23% alternate Ol+Pl+Cpx 
with (n=18) 
layered 
Ultramafic N.of Jabal 
( 0-10 
Layered 
Hamra Ol+Pl Di (En) throughout 
cumulates (960720) originally 
+ sub-horizon- 3% 
Hassier tal. (n= 7) 
(03.5700) Cr+Ol PI, Di 
~I *1 = always accompanied by igneous lamination, extremely irregular and discontinuous. 
*2 = ophiolite dislocation prevents thickness estimation. At least 1 km of sheeted dykes 
with massive gabbro screens. 
*3 = estimation from maximum exposed thickness and averaged layering dip. 
Approx. 
Th. 
? *2 
0.9-*3 
1.1 km 
+:-
+:-
1.2~3 
1.4 km 
FIG.2. Simpliried geological map or the plutonic 
outcrops in the north or Masirah Island. 
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the presence o£ such deposits. The u1trama£ic cumulates £orm 
a crudely-layered transition between the non-cumulate 
serpentinites below and the gabbro cumulates above (Fig.2 I E. 
o£ Jabal Hamra). Complete lithological transitions exist £rom 
p1-(cpx) - dunite to cpx-trocto1ite to me1a and 1euco-o1ivine 
gabbro to cpx-gabbro to 1eucogabbro (Fig.S). Plagioclase joins 
olivine as a cumulus phase very rapidly a£ter the start o£ 
crystallisation. At Turtle Beach plagioclase is present to 
/ 
within 10-20 m. o£ the cumu1ate-harzburgite boundary/and e1se-
I 
where samples with plagioclase in only an intercumu1us development 
II are rare and un£ortunate1y £rom areas o£ unclear relationships. 
I£ initial crystallisation occurred at 30-50m above the magma 
chamber £loor it could have commenced with olivine-plagioclase 
coprecipitation because the raster settling-rate o£ olivine 
crystals in a basalt liquid (Good. , 1976) would cause an 
initial olivine crystal pile. This mechanism is returned to 
in a later section. The best rhythmic layering on the island 
is developed in this unit N. o£ Jabal Hamra and on the coast 
at Rassier (Fig.3) where olivine and plagioclase coprecipitated 
and diopside was still a minor intercumu1us component. 
There is a transition upwards into the gabbro cumulates 
(Fig.2 I Ras Al Ya, NE o£ Jabal Bha1a, Jabal Shabbah) which 
involves an increase in the cumulus plagioclase component, a 
decrease in the cumulus olivine component, the entry o£ diopside 
as a cumulus phase and a decrease in the degree o£ rhythmic 
layering. The arbitrary and approximate upper limit to the 
u1trama£ic cumulate zone is placed where diopside overtakes 
olivine as the dominant £erro-magnesian cumulus phase. Near to 
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Jabal Shabbah (Fig.2) there are approximately 400 m of 
ol-pl cumulates before entry of cumulus diopside. There are 
0.9-1.1 km vertical thickness of these ultramafic cumulates 
exposed NE of Jabal Hamra. 
(iv) Gabbroic cumulates 
These are predominantly clinopyroxene-plagioclase gabbros 
and leucogabbros in which plagioclase ranges from 50 to 90 per 
cent of the mode. Olivine continues as a cumulus phase but is 
usually resorbed and rarely forms more than 15-20 modal per 
cent. Rhythmic layering of melaLto leucoLolivine gabbro and 
clinopyroxene leucogabbro is best developed toward the base 
(e.g. Fig.2 : Gabbro He"). In the clinopyroxene-gabbro 
rhythmic layering occurs spasmodically due to variation in the 
plagioclase: clinopyroxene ratio (e.g. N.of Jabal Madrub). 
Dunite-troctolitic xenoliths occur quite commonly: several 
examples of 6-60 sq.m. areal extent occur near the middle of 
the Ras Al Ya gabbro sequence (Fig.3) and larger blocks « 1000 
sq.m), cut by gabbro veining, occur in the gabbros W. of 
Jabal Hamra. 
(v) Cumulate textures 
Both the cumulate units possess a fairly uniform grain-
size with a range from 3-8 mm and an average of 5-6 mm. Most 
specimens, layered and unlayered, possess a primary igneous 
lamination caused by rough parallelism of the cumulus phases, 
particularly the tabular plagioclase crystals. Between early 
spinel and late magnetite precipitation a cumulus opaque phase 
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was not seen. 
In the gabbro cumulates the olivine phase is orten 
rounded and appears to have suffered resorbtion by the inter-
cumulus liquid whilst rarely narrow orthopyroxene (En/S5) rims 
are occasionally developed. The olivine is always partially 
serpentinized (30-75 per cent) but never completely as in the 
mantle harzburgites. Serpentinization is clearly seen to be 
an expansive process, and therefore probably isochemical 
(Coleman and Keith, 1971), because it causes radial cracking 
or any surrounding plagioclase crystals. In the early ultra-
mafic rocks serpentinization is frequently accompanied by 
rodingitization of the minor plagioclase component, whether 
in the form or individual anorthositic layers or the minor 
cumulus phase. Rodingitization in similar rocks has been 
described by Coleman (1967), Glennie ~~ ~1.(1974) and Honnorez 
and Kirst (1976). The combined alteration processes have 
produced the following assemblage, with the suggested elemental 
migrations from Glennie et al (1974). 
OLIVINE 
SERPENTINE 
OLIVINE + AMPHIBOLE 
MAGNETITE 
/' 
" 
CHLORITE 
FE, MG 
PLAGIOCLASE 
HYDROGARNET 
CA, AL 
Fibrous, near isotropic 
ZOISITE + 1 MICA + 
CHLORITE + QUARTZ 
,. 
.l=-
ex> 
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Plagioclase first appears as a rodingitised xenomorphic 
intercumulus phase, rapidly becoming cumulus and tabular. 
Diopside is a poikilitic intercumulus mineral, with an irregular 
distribution over the size of a slide, in most of the ultramafic 
cumulates. The distribution probably reflects the irregular 
pore space and nucleation of this final phase. Textures 
suggest dominantly adcumulate processes with lobate and 
irregular grain boundaries caused by unzoned mineral over-
growth, and only a limited intercumulus proportion. 
(vi) Features of the cumulate layering 
Lateral extent, layer boundaries and thickness. 
Though only limited mineral chemistry studies have been 
made, no cyclic layering is apparent. Rhythmic layering is 
more widely developed in the lower ultramafic cumulates but 
occurs spasmodically throughout the gabbros. The irregular, 
discontinuous, nature of much of this layering must however 
be emphasized. If exposure allows, individual layers are seen 
to pinch out within 5-50 m and within these limits the layers 
commonly pinch or swell. In some areas repeated intrusion of 
leucogabbro, pegmatitic gabbro and occasionally dolerite lend 
further complexity. The result at Jabal Shabbah is exposures 
consisting of magmatic breccias with layered cumulate blocks 
in a more leucocratic matrix. Regular layering within the 
blocks varies widely in attitude from one to the next. The 
resulting impression is that of unstable conditions involving 
mobility of leucocratic magmas and continual intrusion of 
later magma. 
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Sharp and isomodal single layers are more common than 
mineral graded layers. Grain-size layering consisting of 
coarse, almost pegmatitic, and fine, almost doleritic, layers 
is not uncommon (e.g. N.of Turtle Beach or in isolated blocks 
4 km N.ol Jabal Madrub). Both mineral graded and grain-size 
layering possess sharp contacts. 
Table 2 shows details from two, less deformed, areas of 
layering and illustrates the olivine-rich nature of the ultra-
mafic unit and the plagioclase-rich nature of the gabbro unit. 
The thickness of individual layers usually varies from single 
crystal to 3.5 m. In contrast to the layering shown in Table 2 
another common development is that of melanocratic and 
leucocratic layers of an equal (6-12 mm) thickness, such as 
on the beach at Rassier (034700). 
Original attitude of the layering 
Salient observations concerning the original attitude of 
the layering in the cumulate rocks include the following: 
(a) the layering and the igneous lamination appear to be 
always parallel; (b) there is little or no mineral lineation 
within the plane of lamination; (c) at Turtle Beach, the 
layering is parallel to the serpentinite-cumulate boundary, 
which represents the magma chamber base (Fig.2); (d) rare 
dolerite dykes intrude the cumulate rocks. North of Jabel 
Madrub the dip of the dykes (50/210) is approximately 
perpendicular to that of the layering (30/010). However layering 
in the Ras Al Ya gabbro dips at 30/145 while the dykes dip 50/195. 
4 
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Table 2 Details of' two typical._lEiyered sequences 
A. Ultramaf'ic cumulates, N.o:f Jabal Hamra 
Thickness 
(cm) 
Dominant cumulus 
phase(s} and 
lithology 
Lateral 
extent(m) 
· · . 15- - - PI > 01 
Olivine -- - 10 . 
-
· 
..... 
. 
..... anorthosi te ~~ 01 > PI > Cpx 
• • vi. Clinopyroxene ~. 
· 50 ~. troctolite ---)30 
· .il 5- --PI » 01, Cpx-- 15 :.t!r~. 
-:-- ..... Olivine 
. ...... 
....... anorthosi te 
· · 60 01 » PI 
· 
· 
Plagioclase 
- --> 15 
· 
· · 
dunite 
15 -- -PI » 01 ---;--15 
• 
. 
...... Olivine 
....... 
· 
. ....... anorthosi te 
· · • 
. 01 » PI 
)300 Plagioclase --~20 
· dunite . 
. 
I= 
· 
. 
. 
· 
50 cm 
. 
Layering 
boundaries 
Sharp 
isomodal 
B. Gabbroic cumulates, SW of' Jabal Hamra 
Thickness 
(cm) 
Dominant cumulus 
phase(s) and 
lithology 
)7 PI > Cpx; 
gabbro 
. . l--Pl, Cpx, 01; 
..... 
..... oli vine gabbro 
12 PI > Cpx; 
gabbro 
· 
. 1 --PI, Cpx, 01; 
"-
-olivine gabbro 
5 PI > Cpx;gabbro 
. . 3 - -PI, Cpx, 01; • . 
- -olivine gabbro 
7 PI > Cpx;gabbro 
· 
. 2--Pl, Cpx, 01; . 
- - Oli vine gabbro 
>7 PI > Cpx;gabbro 
...., 
1= 5 :m 
Lateral 
extent(m} 
>2 
Layering 
boundaries 
Sharp, 
isomodal 
-------------
\Jl 
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The widespread adcumulate textures, the lack of a 
mineral lineation and the common rhythmic layering composed of 
consistent mineral variation argue against a flow-layering 
origin. Instead the observations are best explained by crystal 
settling onto a sub-horizontal floor. The impersistent and 
irregular nature is discussed later but probably reflects the 
unstable conditions on the floor of a spreading centre magma 
chamber. 
(vii) Ras Al Ya ultramafic-mafic cumulates. 
The cumulate sequence at Ras Al Ya is probably the least 
disrupted on the island and is illustrated in Table 1 and Fig.J 
to provide a summary of the features described above. The small 
but regular percentage of dolerite dykes indicate the avail-
ability of magma when almost the whole crustal section had 
solidified. A logical dyke-layering relationship cannot be 
achieved by gabbro or dyke reorientation to a horizontal or 
vertical attitude. Either this regularly layered body was 
tilted, with little internal disruption, prior to dyke injection, 
or the layering formed with an original dip. Reorientation of 
the dykes to the vertical suggests a steep dip for the layering 
of 60-750 • 
(Viii) Gabbro pegmatites. 
Coarse to pegmatitic gabbros form common intrusions of 
the cumulate sequence to the W. of Jabal Hamra. They occur both 
as narrow (10-20 cm), cross-cutting, veins and as extensive 
developments of magmatic breccia with gabbroic blocks contained 
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ih a pegmatitic matrix. Similar breccias occur south of Jabal 
Hamra, where they are partly obscured by later granite intrusion 
(Abbotts, 1978a), and along the SE margin of Gabbro "B" (Fig.2). 
Within all magmatic breccias the matrix always appears to be 
more leucocratic than the blocks e.g. dunite-troctolite in 
olivine gabbro, the latter in gabbro, and gabbro in anorthositic 
or pegmatitic gabbro. 
3. UPPER MASSIVE GABBRO UNIT 
An ENE-WSW striking sheeted dyke complex is well exposed 
over 225 sq.km. of southern Masirah (Fig.l). Between the dykes 
are common screens of a massive, uralitized, clinopyroxene-
gabbro with a 2-6 mm grain size. Olivine and an opaque phase 
. 
are rare within these gabbros and an average modal composition 
is 65% plagioclase, 15% clinopyroxene and 20% uralitic 
amphibole. A comparable average dyke consists of 45% plagioclase, 
5% clinopyroxene, 50% uralitic amphibole and 5% Fe-Ti oxides. 
The screens form an integral part of the sheeted dyke complex 
and consequently their field relationships are described else-
where (Abbotts, 1978b), where the following interpretations were 
made. 
(a) A continuous sequence from 100% gabbro to 100% dykes 
is nowhere exposed because of faulting. There are, however, 
sequences varying from 95% cumulate gabbro to gabbro with 20-30% 
dykes and from dykes with 40% gabbro screens to 100% sheeted dykes. 
The evidence suggests a gradual though irregular transition from 
cumulate gabbro, through massive gabbro cut by common dykes, to 
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sheeted dyke complex. This transition occurs over at least 
1.0 km vertical thickness. The nature o£ the cumulate gabbro-
massive gabbro junction is obscured by the breaks in sequence 
here but because the upper cumulates are poorly layered 
pyroxene gabbros the junction is, in any case, di££icult to 
study in the £ield. 
(b) The massive screens are believed to represent roo£ 
crystallisation in high axial magma chamber(s). They are 
exposed to within 1.3-1.5 km o£ the £irst pillow lava screens 
at both Haql and S. o£ Al Quarin. In both areas there appears 
to be no significant £aulting in the sequences. The steep 
southerly dyke dip thus suggests gabbro crystallisation to 
within ~ 300 m, vertically, o£ the dyke-lava contact. 
(c) Gabbro underplating of early axial dykes is initially 
contemporaneous with dyke injection but progressively thickens 
and hinders it as the crust accelerates to its steady spreading 
rate. This model provides an explanation of a sequence which 
appears to be a gradual transition from 100% dykes to 100% 
gabbro. Though, similar, it was developed separately from the 
model o£ Kidd et al (1977), which was recently produced to 
explain comparable £eatures in the Mings Bight Ophiolite. 
JA. Local pegmatitic and silicic di££erentiates 
The gabbro exposures within the sheeted dykes vary from 
screens 3cm,J in width to areas, without dykes, 750 m across 
(Fig.4). Most pre-date dyke injection but the main gabbro 
X-Z in Fig.4 is clearly intrusive into the dykes (Abbotts 1978b, 
Chapter 4). The gabbro screens are locally transitional into a 
FIG.4. (overleaf) Complex dyke-gabbro relationships 
toward the base of the sheeted dykes. 
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pegmatitic facies, although the pegmatites also occur as late 
cross-cutting veins. The pegmatite usually pre-dates dyke 
intrusion. Both the pegmatites and occasionally the massive 
gabbro contain a primary brown titaniferous hornblende phase 
which is distinct petrographically and chemically (Taple 3) 
from the secondary uralitic amphiboles. The hornblende is not 
a liquidus phase but crystallises late and grows out from 
clinopyroxene. 
• 
Table 3 . Amphibole species in the massive gabbro unit . 
Brown amphibole Green uralitic amphiboles 
Hornblende Actinolite Hornblende 
5i02 43.71 54.31 47.29 
Ti02 3.31 0.19 0.37 
A1 20 3 12.35 
2.98 10.81 
Cr20 3 0.20 
0.12 
FeO 8.03 6.70 11.26 
MnO 0.11 0.13 0.10 
MgO 15.47 20.05 14.61 
CaO 12.25 12.42 12.06 
Na20 2.31 0.59 2.60 
K20 0.65 0.08 0.11 
TOTAL 98.39 97.57 99.22 
MG 53.8 61.3 49.4 
FE 15.6 11.4 21.3 
CA 30.6 27.3 29.3 
Silicic differentiates occur extremely rarely, forming 
less than 1~ of the massive gabbro exposure. East of 5ur-Masirah, 
within sheeted dyke complex with 90~ dykes, a single meta-
tonalite screen composed of plagioclase-amphibo1e-epidote was 
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found. In addition narrow (2-J em) trondhjemite veins, with a 
quartz-plagioelase-epidote mineralogy cut cumulate gabbros W. of 
Turtle Beach (Fig.2). These veins continue the pattern noted 
above of later liquids being more leucocratic. This latter 
occurrence is cut by dolerite dykes which form 10-15% of the 
outcrop and post-date the trondhjemite. 
JB. Rare layering in the massive gabbro unit 
Igneous layering or lamination is extremely rare in the 
massive gabbro unit and the usual texture is xenomorphic 
granular to sub-ophitic. Rare layering in the unit is described 
elsewhere (Abbotts, 1978b) and because of its steep attitude 
and strong mineral lineation within the plane of layering is 
attributed to local magma turbulence. The lack of cumulate 
textures, the dyke-gabbro relationships and the indications of 
increased PH20 in the stabilised hornblende phase are all in 
keeping with a roof crystallisation environment. 
JC. Metamorphism of the massive gabbro unit 
Metamorphism of the ophiolite has been reviewed elsewhere 
(Abbotts, 1978b) and is ascribed to hydrothermal circulation 
at the original constructive margin. Whole rock metamorphism 
seems to be effectively limited to the depth of the dolerite 
dykes but local uralitization is common into the cumulate 
gabbro unit. The stabilisation of primary brown hornblende 
in the massive gabbros suggests that water plays an important 
role in both magmatic and metamorphic processes. 
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3D. Magma chamber roof 
The rare gabbro screens in sheeted dyke complex of 90-99% 
dykes seem to represent gabbro crystallisation to within 300-
400 m, verticall~ of the first pillow lava screens. However 
any vestiges of the actual roof to the gabbros has been 
obscured by subsequent intrusion of the larger proportion of 
dykes. These must have been intruded as the crust accelerated 
\ from the spreading axis, in order to isolate the rare screens. 
It must be emphasized in support of this interpretation that 
the dykes and gabbro screens have distinct modal compositions, 
distinct whole rock chemistries and that the gabbros, similar 
whether occurring as 3 cm screens or 100 m wide areas, are not 
coarse-grained dykes. 
4. INTRUSIONS INTO THE SHEETED DYKE COMPLEX 
Gabbroic intrusion into the sheeted-dykes is reviewed 
elsewhere (Abbotts, 1978b) and the gabbro shown in Fig.4 is 
reproduced from there. This clinopyroxene-gabbro is dominantly 
unlayered, although it occasionally exhibits the steep layering 
noted in the massive gabbro unit, and is similar to the massive 
screens in the adjacent dyke swarm. The gabbro is itself 
locally cut by dykes which follow the regional trend. The 
parallelism of the sheeted dykes, the gabbro intrusion and 
these later dykes suggests that all the intrusive activity 
probably occurred in the axial tensional regime. 
Another gabbroic intrusive complex is that of the Ras 
Kaida pluton (Abbotts, 1978b; Fig.l). Here ultramafic and 
gabbroic cumulates have intruded with clear discordance over 
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an area of 4 sq.km into sheeted dyke complex with 70 per cent 
dykes. The ultramafic component occurs largely as blocks, up 
to 400 m diameter, contained in gabbros. The gabbros are 
frequently layered but there is no consistency in the attitude 
of this from area to area. It seems possible that the area 
represents upward intrusion of a partially consolidated crystal 
mush and not of liquid. 
5. MULTIPLE MAGMA CHAMBERS OR A STEADY-STATE MODEL? 
Allen (1975) suggests that the Troodos spreading centre 
was underlain by discrete magma chambers, in each of which the 
magma followed a slightly different evolutionary path, 
resulting in some lateral discontinuity in the gabbros. In 
contrast Cann (1970, 1974) and Dewey and Kidd (1977) have 
proposed steady-state models for plate accretion involving a 
spatially and temporally continuous axial magma chamber. 
Table 1 suggests a cumulate thickness of 2.2-2.3 km. 
There is at least 1.3-1.4 km of dykes with massive gabbro 
screens and the products of magma chamber crystallisation 
appear to total 3.5-4.0 km vertical thickness. The evidence 
for discrete magma chambers, and their lateral dimensions, is 
partially obscured by faulting but the following areas show 
features relevant to the problem". 
(a) The Ras Kaida intrusive complex (Fig.l) is clear 
evidence of a high-level gabbro pluton. 
(b) The Sur-Masirah gabbro (Fig.4) indicates intrusion 
of the sheeted dyke complex before termination of dyke intrusion. 
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(c) The fault-bounded Ras Al Ya cumulate gabbro (Fig.2) 
contains several individual features including (1) a small 
(_ 55G) but regular proportion of dolerite dykes, which are 
rare to absent in other cumulates; (2) an absence of the usual 
gabbro-gabbro pegmatite intrusions; (J) largely undeformed 
rhythmic layering throughout; (4) an horizon of dunitic xenoliths 
toward the base of the gabbro cumulates. 
(d) Gabbro "B" (Fig.2) is a fault-bounded gabbro giving 
rise to the highest relief in the ENE-WSW gabbro belt. Only 
the E and S contacts were examined and these largely consist 
of magmatic gabbro breccias. Layering is present but only in 
2 isolated blocks of gabbro, 0.5-30m in area, which are contained 
in a more leucocratic gabbro or gabbro pegmatite matrLE. The 
breccia was examined for 200-300 m into the gabbro and appears 
to represent unstable conditions in which the accumulating 
crystal pile was continually intruded by more leucocratic 
(1 remobilised) magma. Locally the intrusive magma reaches a 
trondhjemitic composition. 
(e) The remaining areas around Jabal Hamra, Jabal Bhala 
and Gabbro "A". (Fig.2) appear to have similar cumulate 
successions, much intruded by gabbro and gabbro pegmatite. 
However without more extensive mineral chemistry studies their 
similarity could not be confirmed in detail. 
In conclusion the Ras Kaida and Sur Masirah gabbros 
represent individual intrusions and the contrasting sequences 
of Ras Al Ya, Gabbro "B" and the Jabal Hamra group argue 
against a uniform steady-state model. The rhythmically layered 
Ras Al Ya intrusion appears to represent accumulation during 
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a period of relative quiescence. A significantly later magma 
batch is indicated by the dykes which then intruded the gabbro. 
In contrast Gabbro "B" formed under extremely unstable 
conditions at an approximately similar level in the crust. 
Multiple magmas are indicated by the complex gabbro-dyke 
relationships and the contrasting cumulate sequences may be best 
explained by invoking individual chambers. 
It may be that there is some truth in both the steady-
state and the multiple chamber models. If the spreading rate 
and the supply of magma are in equilibrium a steady-state 
situation under at least segments of the spreading axis might 
occur. If either spreading rate or magma supply is more 
irregular, as is likely in nature, the steady state will 
probably break down. 
6. CONCLUSIONS CONCERNING THE FORMATION OF LAYERING 
It has been suggested that the cumulate layering is formed 
largely by crystal settling though the affects of deformation, 
intrusion and flowage in the crystal pile may all play a part 
in producing the discontinuous layering now visible. Goode 
(1976) has used Stokesian particle behaviour to explain the 
formation of layering in the Kalka basic intrusion of Australia. 
Although this is a deep closed-system intrusion the internal 
field descriptions are reminiscent of the less deformed and 
intruded portions of the Masirah cumulates. Both sequences 
contain small-scale px/ol-pl rhythmic layering, paralleled by a 
primary lamination, somewhat irregular in extent and occurring 
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in zones alternating with laminated but unlayered sequences. 
Goode (1976) suggests that crystallisation occurs near 
the floor of the intrusion because of the development of super-
saturation at higher pressures. Crystallisation is then 
followed by gravitational settling with the variable crystal 
densities producing differential settling patterns. 
Table 4 : C times in a basaltic rna from 
Crystal phase Density (gm/cm
3 ) Settling time (yrs) 
c.f.basalt = 2.8 200 metres 1000 metres 
Plagioclase 2.7 - 2.75 0.67 2.86. 
Clinopyroxene/Olivine 3.2 - 3.5 0.04 0.21 
Some tendency for bottom crystallisation and/or settling 
explains the olivine-rich cumulates at the base of the Masirah 
sequence. The preponderance of plagioclase as the dyke-lava 
phenocryst phase (Abbotts, 1978c) is probably largely a result 
of the bouyancy of that phase. 
Goode (1976) further notes that continuous nucleation and 
crystal settling will produce unlayered laminated sequences 
whereas discontinuous nucleation will lead to layered and 
laminated sequences. The latter is favoured in a slow cooling 
environment when the small degree of supersaturation is 
continuously interrupted by release of the heat of crystallisation. 
Using these ideas, within the framework of the more dynamiC 
spreading centre environment indicated by the Masirah exposures, 
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leads to the ~ollowing interpretation o~ the Masirah cumulate 
sequence. Initial bottom crystallisation occurs over a hot 
harzburgite-mantle ~loor which will cause extremely discontinuous 
nucleation and ~ormation o~ the strongly banded ultramafic 
cumulates. The crystal pile will be continuously penetrated 
by ascending batches o~ magma, particularly during early axial 
crystallisation be~ore an extensive cumulus pile has developed. 
Some o~ the magma batches may be trapped in the crystal pile, 
some may be diverted and intrude along the lamination to 
produce the grain-size layering, some areas may be so continuously 
intruded that magmatic breccias with cumulate blocks result. 
The hot environment and slow crystallisation will encourage 
dif~usion ~rom the intercumulus liquid and produce the adcum-
ulate growth suggested later by the lack of mineral zoning and 
low whole-rock incompatible element levels. The intrusion o~ 
gabbros in dykes 8 cm wide and adjacent dolerites in dykes 
30 cm wide con~irm the occurrence o~ repeated intrusion through 
the cumulates as they cool. As crystallisation continues the 
cumulus pile builds up and begins to cool and become more 
rigid. More continuous nucleation should occur and less melt 
penetration ~rom below will occur. The more massive laminated 
clinopyroxene gabbros of the cumulate gabbro unit will thus ~orm. 
7. MINERAL CHEMISTRY 
7A. Olivine 
I 
Five samples range from_F087.7, in a mela-olivine gabbro 
~rom the ultrama~ic cumulates at Jabal Mad rub , to_Fd79.:i in a 
leuco-olivine gabbro ~rom the Ras Kaida pluton. The range gives 
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evidence of significant fractionation subsequent to the mantle 
partial melting event but would undoubtedly be increased by a 
larger sampling population. The whole rock Fe (total iron)/Mg 
values correlate with the olivine compositions, varying from 
0.26 (F087.7) to 0.49 (F079.5). Olivines from ophiolite mantle 
exposures usually range over F094.5 to F088.5 (Coleman, 1977) 
whilst ranges in ophiolite cumulates include F089.6-78.3 
(Papua: England and Davies, 1973), F09l.6-69.6 (Bay of Islands: 
Irvine and Findlay, 1972) and F090.6-69.8 (Troodos: Allen, 1975). 
Cumulus plagioclase accompanies the F087.7 olivine and cumulus 
plagioclase-diopside occurs with F086.6. Nickel content varies 
from 1570-2350 ppm and Whole rock values of 309-914 ppm are 
probably largely contained in the olivine phase (~OL/L » 
Ni 
Leeman, 1976). 
7B. Orthopyroxene 
Olivine of composition F087.7-85.3 shows minor liquid 
1· ,
reaction to produce orthopyroxene (En85) reaction rims. This 
is the only form in which orthopyroxene definitely occurs in 
the Masirah gabbro sequence and the phase was identified only 
5 times in 115 sections. It is not clear however whether rare 
actinolite pseudomorphs, in rocks where clinopyroxene remains 
unaltered, replace orthopyroxene or olivine. Approximately 
95% of the "gabbros" contain minor normative Ne (Fig.16), not 
unexpectedly in view of the orthopyroxene scarcity. Similar 
observations have also been made in the Bay of Islands Ophiolite 
(Irvine and Findlay, 1972). In complete contrast serpentinised 
harzburgites from Masirah contain 4.3-1703 per cent modal 
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orthopyroxene (mean = 12.3). Fig.5 illustrates the modal 
range and the plagioclase-dominated, orthopyroxene-free nature 
of the Masirah rocks. 
7C. Plagioclase 
Fig.6 sets out the variation in plagioclase composition 
throughout the gabbros, most of which are dominated by unzoned 
plagioclase with a composition of An85-80~ Only in the upper , 
gabbro unit do core compositions of An80-6~ occur. Saussurit-
ization prevented analysis of the tonalites-trondhjemites but 
these have normative compositions of An25-5 and would probably 
extend the range dramatically to low An values. Rim zoning of 
normal type is prevalent in the massive gabbros but also occurs 
in the Ras Al Ya cumulate gabbros (Fig.6: MA54 , 67). 
It is evident on Fig.6 that the dyke-lava phenocrysts have 
similar primitive core compositions (An86-8l) to those of the 
cumulate rocks. Fig.7 plots plagioclase compositions against 
co-existing olivine in a comparison with other ophiolites and 
with the Skaergaard basic intrusion. The resulting Masirah 
trend, though based on only a limited sampling population 
appears very similar to that of early Skaergaard crystallisation 
and it is also apparent that Masirah, (Skaergaard, and Othris) 
precipitated a less anorthite rich plagioclase at equivalent 
FO levels to Troodos. The FO value is probably an accurate 
indication of the liquid Fe/Mg ratio (Roeder and Emslie, 1970). 
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7D. Clinopyroxene 
The diopsidic nature throughout the "gabbros" is obvious 
on a pyroxene quadrilateral plot (Fig.8). This plot shows (i) 
moderate fractionation from the ultramafic cumulates (Fs5.l-8.0) 
through the gabbro cumulates (Fs6.l-l0.J) to the massive 
gabbros (Fs8.J-12.9); (ii) the primitive nature of the rare 
clinopyroxene phenocrysts in the dykes which are equivalent to 
the clinopyroxene in the early cumulates. 
Fig.9 plots Cr20 J and Ti02 in the clinopyroxene against 
the fractionation index of whole rock Fe (total iron)/Mg. The 
diagram shows (i) the primitive high Cr20 J - low Ti02 nature of 
the early intercumulus-cumulus diopside phase; (ii) the effect 
of Cr extraction from the liquid by the early clinopyroxenes 
causing lower levels in the higher rocks; (iii) the steady 
increase with fractionation of Ti02 which probably enters the 
phase as Ca Ti 5i20 6 (Yagis, 1967). Na20 similarly increases 
from 0.27 in the early cumulates to 0.50 in the massive gabbros. 
The highest cr20 J value comes from a leuco olivine-gabbro 
layer in the olivine-dominated cumulates W. of Jabal Hamra. 
Adjacent layers with modal ol:pl:di varying from 10:70:20 to 
70:25:5 have similar whole rock Fe/Mg values of 0.25-0.26 but 
very different Cr (690-l9JO ppm) and Ni (190-900 ppm) contents 
reflecting the variable 01 (~OL/L» 1): cpx (~CPX/L» 1) 
Ni CR 
ratio. The evidence argues for precipitation from a similar 
liquid and subsequent accumulation processes to explain the 
layering. 
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Tholeiitic nature of the clinopyroxene phase 
As clinopyroxene is the last phase to crystallise it will 
reflect the composition of the residual liquid in the early 
cumulates. Alumina variation throughout the clinopyroxenes 
of 2.ll-J.62~~ results in an Al [Lilt Al [6J ratio of 2-6 and 
limited Al [4] SUbstitution (0.06-0.11) which indicates their 
tholeiitic nature (Fig.8 inset). Fig.lO plots Ti02 against 
A12 0 3 
in the clinopyroxenes which then show a clear similarity 
to those in depleted ocean floor tholeiites. 
A visual summary of all microprobe data on the J main 
mineral phases of the Masirah plutonic sequence is presented 
in Fig.ll. 
7D. Opaque Minerals 
Except for the chromite phase in the early cumulates, 
opaques are rare throughout the gabbros. Approximately 20 
per cent of samples contain accessory levels « I per cent) 
and only in the massive gabbro unit do rare samples provide 
evidence of significant Fe-Ti ore precipitation (', 12%). 
Analysis of 2 adjacent grains in a uralitized gabbro screen 
with differentiated clinopyroxene (Fs = 12.9) were of 
chromiferous magnetite (cr20 3 = 2.93%) and ilmenite. 
7E. Thermometry-barometry of the plutonic rocks 
Scarcity of the orthopyroxene phase and the problems of 
serpentinization hindered application of the various ultramafic 
geothermometers. Two-pyroxene pairs from a mela-olivine gabbro 
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gave a crystallisation temperature of l008-l0l2oC using the 2-
pyroxene geothermometer of Wood and Banno (1975). This 
thermometer is semi-empirically formulated on the Fe-Kg 
exchange relation between the pyroxenes and assumes ideal 
2 site solution mixing. Subsequent work (Hewins, 1975; 
O'Hara, 1977) suggests that,. though precise, the method may 
overestimate by < 50oC. A reformulation by Wells (1977), 
again using a semi-empirical simple-mixing modal, gives a 
temperature of 936-94loC. 
Application of O'Hara's (1967) pyroxene grid to spinel-
bearing mela-olivine gabbros gives pressures of 1-2 Kb (3-6 km). 
Though criticised on theoretical grounds (MacGregor, 1974), 
both Moores and MacGregor (1972) and Allen (1975) declared that 
it gave reasonable results on Troodos ultramafic samples. The 
olivine-orthopyroxene reaction rims indicate pressure < 6 Kb 
because of the cotectic relationship that develops above this 
level (Boyd and Davis, 1964 ). 
B. WHOLE-ROCK GEOCHEMISTRY 
BA. Analytical methods 
I 
A total of 98 samples from the Masirah plutonic sequence 
have been analysed for major and trace elements using the 
University of Birmingham Phillips pW145D automatic X-ray 
fluorescence spectrometer. All elements were determined on 46mm 
pressed powder pellets using Cr, W and Mo tubes. To correct 
for major element problems of absorption and mineralogical 
effect, 16 samples were determined in duplicate using a fusion 
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bead technique. Calibrations were based on international and 
laboratory standards and spiked rock powders. Trace element 
results were corrected for mass absorption effects using WLB and 
MoK~ Compton scatter lines. Details of spectrometer conditions, 
calibration methods, machine precision and accuracy can be 
found in Tarney et al (1978). 
The REE analyses were determined by Instrumental Neutron 
Activation Analysis following the methods of Hertogen and 
Gjibels (1971) and using a low energy photon detector with the 
ocean basalt BOB-l as a reference standard. 
SB. Major element chemistry 
Chemical analyses of representative cumulate plutonics, 
the massive gabbro unit and the minor intrusions of the mantle 
serpentinites are shown in Tables 5, 6 and 7 respectivelyo 
In the tables and various plots the pegmatitic gabbros are 
included in the massive gabbro unit because of their similar, 
slightly enriched, nature. They do in fact intrude all of the 
gabbro units as a late phase. 
(i) Fe-Mg relationships in the gabbros. 
On the A (Na20 + K20) - F (FeOT ) - M (MgO) diagram 
(Fig.12) the Masirah plutonics and dykes are compared with the 
trends for Skaergaard, Troodos and the Semail Ophiolite. Many 
of the Masirah plutonics fall in the ophiolite cumulate field 
of Coleman (1977); the residual scatter is caused by the 
cumulate leucogabbros which are enriched in plagioclase (75-95 
modal per cent) and plot on the calc-alkaline side of the 
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Table 5 . . Representative analyses of the Masirah cumulate 
Sample 
No. 
Si02 
Ti02 
A120) 
Fe20)* 
FeO 
MnO 
MgO 
CaO 
Na2 0 
K2 0 
P 2 0 5 
TOTAL 
Ni 
Cr 
Zn 
Ga 
Rb 
Sr 
y 
Zr 
Nb 
Ba 
La 
Ce 
Pb 
plutonic rocks 
1 
X)55 
44.08 
0.08 
12.90 
0.62 
4.09 
n.d. 
21.12 
12.4) 
1.04 
0.02 
0.00 
96.98 
546 
1129 
21 
8 
1 
65 
-2 
2 
1 
4 
-2 
-) 
-) 
2 
MA76A 
42.2) 
0.10 
6.89 
0 0 92 
6.09 
n.d. 
)0.8) 
8.52 
0.58 
0.02 
0.01 
96.19 
914 
2644 
27 
7 
-1 
186 
-2 
6 
-1 
4 
-2 
) 
14 
) 
X69 
41.)1 
0.04 
9.21 
1.01 
6.68 
n.d. 
28.84 
8.14 
0.76 
0.02 
0.01 
808 
1145 
)0 
9 
-1 
1)8 
-2 
4 
-1 
-4 
2 
4 
-3 
4 
MA122 
46.03 
0.11 
14.79 
0.58 
3.82 
n.d. 
11.81 
13.80 
1.04 
0.02 
0.00 
98.00 
394 
1452 
18 
9 
-1 
88 
-2 
6 
-1 
5 
2 
3 
-3 
Note: *Iron allocated so that FE20)/FEO = 0.15 
-
-2 = below lower limit of detection. 
n.d = not determined. 
5 
X288 
42.90 
0.01 
24.65 
0.1) 
0.86 
0.02 
6.85 
22.22 
0.49 
0.03 
0.00 
98.22 
91 
265 
15 
8 
-1 
116 
-2 
8 
-1 
7 
2 
) 
-) 
1 Mela-olivine gabbro (cumulus 01> pI; intercumulus di) 
2 Plagioclase dunite (cumulus ol»sp; intercumulus pI, di) 
) Mela-oli vine gabbro (cumulus 01 > pI; intercumulus di) 
4 Olivine gabbro (cumulus pI '> 01 = di) 
5 Leuco olivine gabbro(cumulus pl»)ol = di). 
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Table 5 (Continued) 
Sample . 6 7 8 9 10 
No. J.lA168 x268 MA6.5 x265 MA47 
5i02 48.41 50.07 46.37 49.33 47.05 
Ti02 0.20 0.16 0.18 0.30 0.21 
A120 3 
14.41 28.22 17.18 18.15 16.51 
Fe20 3* 0.48 
0.20 0.59 0.48 0.52 
.FeO 3.18 1.34 3.89 3.1.5 3.44 
MnO n.d. 0.03 n.d. n.d. 0.09 
MgO 13.91 3.02 13.89 9.17 15.08 
CaO 16.24 12.79 13.62 14.93 15.09 
Na20 1.61 4.08 1.61 2.72 1.16 
K20 0.03 0.22 0.09 0.18 0.06 
P20 5 0.01 0.01 
0.01 0.01 0.01 
TOTAL 98.48 100.14 97.43 98.42 99.22 
Ni 191 41 237 102 283 
Cr 692 42 705 691 1063 
Zn 18 7 24 19 13 
Ga 13 23 14 16 12 
Rb -1 1 -1 1 -1 
Sr JJJ J60 175 356 124 
Y 5 2 3 5 4 
Zr 12 25 8 12 18 
Nb -1 -1 -1 -1 J 
Ba 17 42 16 33 12 
La -2 J -2 -2 2 
Ce -J J -J 3 4 
Pb J -J -J J -J 
~: * Iron allocated so that FE20J/FEO = 0.15 
-2 = below lower limit of' detection. 
n.d = not detennined. 
6 Clinopyroxene gabbro ( pI, di) 
7 Clinopyroxene leucogabbro ( pI» di) 
8 Clinopyroxene gabbro ( pI, di) 
9 Clinopyroxene gabbro ( pI, di) 
10 Clinopyroxene gabbro ( pI, di) • 
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Table 6 : ReEresentative ana1rses of the Masirah "uEEer 
massive gabbro" uni t 
Sample 1 2 3 4 5 
No. HA238 MA47 MA205 X186 1-1A164 
Si02 48.53 47.05 49.09 47.39 50.39 
Ti02 0.22 0.21 0.25 0.41 0.45 
A120 3 16.82 16.51 20.90 16.99 20.16 
Fe20 3 0.45 0.52 0.52 0.6,5 0.53 
FeO 2.94 3.44 3.43 4.31 3.52 
MnO 0.07 0.09 0.00 0 0 10 0.07 
MgO 12.19 1,5.08 7.24 11.31 ,5.68 
CaO 1,5.56 1,5.09 11.14 14.69 12.45 
Na20 1.89 1.16 3.89 1.6,5 3.80 
K20 0.08 0.06 0.28 0.11 0.08 
P2°,5 0.01 0.01 0.02 0.01 0.02 
TOTAL 98.76 99.22 96.76 97.72 97.15 
Ni 180 283 70 123 40 
Cr 909 1063 355 242 51 
Zn 21 13 9 27 20 
Ga 1,5 12 15 14 20 
Rb 1 -1 2 1 -1 
Sr 169 124 213 275 294 
Y 5 4 3 7 4 
Zr 14 18 19 32 28 
Nb -1 3 4 6 5 
Ba 24 12 41 6,5 33 
La 2 2 -2 2 2 
Ce 3 4 -3 4 4 
Pb -3 -3 -3 3 
-3 
Th -3 -3 -3 -3 -3 
1-4 Clinopyroxene gabbros; screens to dolerite dykes. 
5 Pegmatitic clinopyroxene gabbro. 
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Table 6 (Continued) 
Sample 6 7 8 9 10 
No. HA323 MA124 x106A MA417 X308 
Si02 48.86 45.83 .57.13 .59.01 72.12 
Ti02 0.66 5.68 0.16 0.55 0.20 
A120 3 
18.80 11.41 22.91 18.77 14.82 
F e 20 3 0.81 1.25 0.99 2.87 0.91 
FeD .5.31 8.23 0.00 0.00 0.00 
MnO 0.12 0.00 0.02 0.00 0.00 
MgO 8.46 8.11 J.OJ 1.80 10 • .54 
CaD 13.34 16.61 5.44 4.04 2.25 
Na20 2.07 0.99 7.44 9.97 7.10 
K20 O.lJ 0.05 1.11 0.0.5 0.80 
P20 5 0.05 0.02 
0.02 0.10 O.OJ 
TOTAL 98 • 61 98.18 98.25 97.46 98.77 
Ni 80 36 14 5 1 
Cr 268 18 8 -1 2 
Zn 20 29 69 4 3 
Ga 17 18 26 24 14 
Rb -1 -1 1 -1 14 
Sr 119 243 408 183 139 
Y 16 28 57 57 54 
Zr 42 56 745 711 88 
Nb J 18 118 52 34 
Ba 21 9J J16 87 281 
La 3 5 29 44 5J 
Ce 6 6 68 88 86 
Pb 4 6 -3 -3 -3 
Th -J -J -3 17 27 
6 Pegmatitic clinopyroxene gabbro. 
7 Clinopyroxene gabbro (with Fe - Ti ore .-" 10 modal %). 
8 Clinopyroxene gabbro; screen to dolerite dykes. 
9 Plagioclase - epidote, meta-tonalite, screen to dolerite dykes. 
10 Quartz-p1agioc1ase-amphibole trondhjemite, screen to 
dolerite dykes. 
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Table minor intrusions of the 
entinites and of the ultramafic 
cumulates. 
1 2 3 ~3 4 5 
MA132 MA127 X217 X205 MA413 MA75 
Si02 45.54 49.09 46.91 44.50 44.28 43.56 
Ti02 0.10 0.41 1.83 2.83 0.90 0.89 
A120 3 26.92 13.27 15.52 
13.03 14.47 11.32 
Fe20 3 1.54 6.03 5.92 
12.22 8.37 11.96 
MnO 0.04 0.12 n.d. n.d. n.d. n.d. 
MgO 5·90 12.57 11.26 8.15 13.85 13.42 
CaO 14.25 13.62 11.30 9.92 13.28 13.74 
Na20 2.82 2.24 3.80 4.28 1.19 1.15 
K20 0.06 0.09 0.16 0.39 0.11 0.04 
P205 0.00 
0.01 0.54 1.44 0.13 0.05 
TOTAL 97.17 97.45 97.23 96.77 95.81 96.13 
Cr 57 152 70 8 576 414 
Ni 102 728 166 77 266 365 
Zr 17 17 31 82 50 66 
Ga 18 14 27 25 15 13 
Rb -1 -1 -1 4 -1 -1 
Sr 261 213 328 244 291 94 
y 
-2 10 100 117 18 22 
Zr 15 27 100 172 82 51 
Nb 1 2 25 68 8 2 
Ba 19 32 100 244 38 25 
La -2 2 11 49 3 2 
Ce -3 3 40 117 11 5 
Pb -3 -3 3 6 3 4 
Th -3 -3 -3 -3 -3 -3 
Note: n.d. = not detennined; -3 = below lower limit of 
- detection (= 3 ppm) 
1 Coarse anorthositic gabbro 4 Dolerite dyke 
2 Pyroxene gabbro 5 Dolerite dyke cutting 
3 Pegmatitic pyroxene gabbro 
ultramafic cumulates. 
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dividing line of Irvine and Baragar (197l). The dykes appear 
to represent the more Fe-rich liquids from which the plutonics 
crystallised (Abbotts, 1978b) and dominantly fall in the ocean 
tholeiite field. Together with most of the cumulates they 
define a mild tholeiitic trend of Fe-enrichment. However it 
is apparent that the differentiated tonalites and trondhjemites 
have calc-alkaline affinities. The Troodos trend is somewhat 
similar to that of Masirah, though showing more Fe-enrichment. 
This again reflects the plagioclase-rich nature of the Masirah 
gabbros. 
Church and Riccio (1977) used cumulus phase compositions 
and their known KnSOl/liq values to calculate features of the 
magma chamber liquids from which the gabbros crystallised. 
This procedure was followed elsewhere for the Masirah samples 
(Abbotts, 1978b). The results are summarized in Fig.l) which 
plots olivine and clinopyroxene FeO/MgO ratios against their 
liquid FeO/MgO ratio derived using the partition coefficients 
of Roeder and Emslie (1970). The main conclusion is that the 
dykes (FeO/MgO = 0.73-1.28) are roughly equivalent to the 
liquids from which the earlier cumulates crystallised. The 
validity of the data seems confirmed when the FeO/MgO ratio 
derived from the dyke clinopyroxene phenocrysts agrees with 
the whole-rock values (Fig.13). The complete separation of 
the plutonics and dykes on the AFM diagram is thus partly 
explained by the plutonics comprising cumulate minerals with 
lower FeO/MgO ratios than their liquids. 
FIG.13. Diagram reproduced from Abbotts (1978b) 
and after Church and Riccio (1977). The figure 
illustrates the range in FeO/MgO weight ratio 
of the liquids from which the Masirah plutonic 
rocks crystallised, compared with the FeO/MgO 
range of the Masirah dykes. Note: (1) the 
FeO/MgO liquid ratios were calculated assuming 
~ ol-liq = 0.3 (Roeder and Emslie, 1970); 
(2) Kn cpx-liq value of 0.24 is estimated using 
the FeO/MgO ratio of the liquids calculated from 
the composition of the coexisting olivine and 
shows good agreement with the work of Church and 
Riccio (op.cit); (3) the iron to magnesium ratio 
in the dykes is given as FeO (total iron)/MgO 
and is therefore a maximum value. 
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(ii) Major element variation with fractionation 
Major element oxide variation is illustrated in 
Fig.l4 by plotting against the Fe {total iron)/Mg index. This 
index is preferred for these cumulate rocks because (i) the 
~ MG-FE sol/liq is somewhat similar for both olivine and 
clinopyroxene, and (ii) an incompatible trace element would 
measure the amount of trapped intercumulus liquid. 
The plots of MgO, Fe20 J , A120 J , CaO and Si02 show 
extensive scatter at low Fe/Mg levels because of the extreme 
ol:pl modal variability in the early layered cumulates. Within 
the massive gabbro unit the more fractionated samples are the 
pegmatites, tonalites and trondhjemites; the less fractionated 
are the gabbro screens to the sheeted dykes. 
Si02 increases only slowly with fractionation and the 
rocks plot largely in the tholeiitic field of Miyashiro (197J), 
though close to the calc-alkali-tholeii te boundary. Over 90~~ 
of the Masirah plutonics fall in the Si02 range of 48-51% 
indicating a typical tholeiitic trait of limited Si02 
enrichment. There is then extreme scatter in the more 
fractionated samples with Si02 ranging over 44-72%. 
Ti02 shows a linear correlation to Fe/Mg _ 1.25 but 
then shows a sharp increase followed by an even more pronounced 
decrease to the trondhjemite. Total iron (Fe20 J ) shows similar 
though less pronounced behaviour, after the initial scatter is 
passed. These characteristics suggest that precipitation of 
an Fe-Ti oxide caused the trend of Si02 enrichment. The Fe-Ti 
effect and the limited proportion of rocks involved are evident 
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in Fig.15B. llere Ti02 is seen to correlate more convincingly 
with tFe20 J , than it did with Fe/Mg, reflecting their 
co-precipitation. The initial gradual. increase in Ti02 reflects 
increasing incorporation in the clinopyroxene phase (Fig.9). 
The extremely rapid increase of Ti as the opaque phase 
precipitates is obvious. The Ti02-Y plot (Fig.15A.) shows 
good positive correlation except in the exceptionally high 
Ti02 rock. This probably reflects their similar degree of 
incompatibility before and after opaque precipitation. 
A1 20 J shows little variation after the init~al scatter. 
The late decrease in CaO and concomitant increase in Na20, in 
rocks with a fairly constant proportion of normative felspar 
(60-75$~), reflects the more sodic plagioclase in the late 
tonalite-trondhjemites. For a liquid crystallising olivine 
in the system Fo-An-Di, if plagioclase is to precede clino-
pyroxene a liquid CaO/CaO + A12 0 J < 0.5 is r~quired (Osborn 
and Tait, 1952). The comparable value for An60 is < 0.43 
(Irvine, 1970). The Masirah plutonics followed an ol-pl-cpx 
crystallisation sequence; the dykes-lavas suggest the same 
in their phenocryst relationships. In contrast in the Troodos 
plutonics clinopyroxene preceded plagioclase (Allen, 1975). 
Major element mobility in the dykes-lavas precludes knowledge 
of the original liquid Ca-Al values but the Ca:AI ratio appears 
to have been lower in the Masirah liquid, relative to Troodoso 
MgO varies widely in the initial stages but then remains 
relatively constant before a rapid decrease to the trondhjemite. 
Fe20 3 shows a tholeiitic trend of enrichment until ore mineral 
precipitation. The higher dyke levels reflect both their 
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higher cpx:pl content and their non-cumulate nature. 
Fractional crystallisation involves strong K20 enrichment 
from O.OI-0002~ to O.80~ in the trondhjemite. Although there 
is significant scatter, suggesting both hydrothermal enrichment 
and depletion, the suite is largely characterised by the low 
K2 0 ( <O.25~~) and high Na/K of ocean floor tholeiites. 
P205 behaves similarly to Ti02 • Most cumulates contain < 0.02% 
but rapid enrichment to 1.44% then occurs and apatite precip-
itates. Subsequent to this event the concentration falls even 
more rapidly to low trondhjemite levels. 
(iii) Normative characteristics 
Normative characteristics of the plutonics are illustrated 
in the Ne-Ol-Di-~n-QJ diagram (Fig.16) and the normative 
felspar plot (Fig.17). In Fig.16 most of the cumulates contain 
minor normative Ne and plot near the Di-Ol join. Scatter 
along the join is due to modal variability. High Ne contents 
correspond to anorthositic gabbros (e.g. Table 5 : X268) and 
the Ne-normative character reflects the plagioclase dominance 
of the sequence (Fig.4). The more fractionated rocks show a 
trend of olivine depletion through the field of silica-
saturation and then of increasing over saturation toward the 
QJ apex. The felspar diagram illustrates the low K20 contents 
and the trend from pyroxene gabbros, with calcic plagioclase, 
to sodium-rich trondhjemites. 
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BC. Trace element chemistry 
The more informative trace elements in the Masirah 
sequence are plotted against Fe/Mg in Fig.IB. Sr, Ni and Cr 
show a wide variation in abundance in the early cumulates 
because of' 
(KPL/LIQ> 
DSR 
their respective compatibili~ies for the plagioclase 
1), olivine (KOL/LIQ» 1) and clinopyroxene 
DNi 
(~PX/LIQ» 1) 
Cr 
phases. 
Zr shows a trend of' strong enrichment to 700-BOO ppm 
after initial low levels « 25 ppm) in most of' the cumulates. 
The element has a very low bulk distribution coefficient in 
basaltic systems (Weaver et aI, 197B) and consequently its 
abundance in cumulate rocks is largely dictated by the amount 
of trapped intercumulus liquid. The low levels of Zr, and 
similarly of Ce, Y and Nb suggest only small amounts of 
and 
trapped intercumulus liquid/give further indication of 
adcumulate crystal growth. The extreme Zr enrichment into the 
tonalites suggests concentration by near complete magma 
crystallisation and these rocks probably approximate to residual 
liquids in the manner that Wager and Brown (1967) treated the 
Skaergaard me1agranophyres. The trondhjemite which represents 
the terminal stage of differentiation (Table 5 : XJOB) has a 
Zr content of only BB ppm. This value suggests zircon 
precipitation at 700-BOO ppm to deplete the final liquids. 
Cumulus zircon was, in f'act, seen in one tonalite which was 
unfortunately not analysed. 
FIG.18. (overleaf) Trace element variation 
against Fe*(total iron)/Mg. Dashed fields 
enclose Masirah dykes. Dotted-dashed lines on 
Zr, Y,arevisual best-fit trends. 
• Cumulate gabbro/ultramafic x Gabbro pegmatite. 
o Massive ga bbro tonalite. trondhjemite 
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FIG. lB. Trace element variation in the Masirah gabbros. 
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Y shows a good linear positive correlation except for 
two hieh Y rocks which were found to contain cumulus apatite 
(PZos 0.68-l.44~~). The Y-apatite link is explained by the 
strong HREE (+Y) partitioning of the apatite phase. 
Ba shows a weak positive correlation but with significant 
scatter. This incompatible element is co~nonly mobile at 
moderate grades of metamorphism (Tarney et aI, 1978). The 
scatter appears to reflect mobility in the upper cumulate and 
massive gabbros into which the hydrothermal system penetrated. 
Subject to the modal control noted before, Sr increases 
initially to - 400 ppm (Fe/.,fg = 1.0) but then decreases 
smoothly into the late differentiates. This behaviour probably 
reflects preferential Sr entry into the more sodic plagioclase 
compositions causing melt depletion. 
Ni and Cr show rapid early depletion of the melt by the 
olivine-chromite-chrome diopside phases. The olivine domination 
of the early cumulates is reflected in the more rapid Ni 
depletion. The Ni v Cr plot of Fig.l9 illustrates the strong 
mineralogical control of the olivine and diopside cumulus 
phases on the elemental levels. The inset figure, taken from 
Abbotts (l978e), incorporates the "alpine peridotite" 
(.!!!II! depleted mantle) - "stratiform complex" (=- cumulates) 
discriminator of Irvine and Findlay (1972). The separation 
of the Masirah mantle serpentinites and the cumulus sequence 
reflects Ni-Cr retention in the mantle. 
The stratigraphic section in Fig.ZO illustrates in 
schematic fashion many of the geochemical characteristics of 
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FIG.19. Ni v Cr 
variation in the 
Hasirah gabbros 
(excluding the ultra-
mafic dunites and 
troctolites). The 
dashed fields enclose 
all analyses of 
olivine gabbros and 
olivine-free gabbros 
respectively. The 
inset figure is 
taken from Abbotts 
(1978e) and shows the 
fields of (1) all of 
the Masirah plutonic 
rocks, (~) the Masirah 
serpentinites. 
900 
FIG.ZO. (overleaf) A schematic illustration of 
the geochemical variation through the Masirah 
Ophiolite. Within the rock-units the samples 
are ordered by increasing upward Fe*/Mg. The 
schematic nature of the diagram takes no account 
of the extensive overlap of some units (e.g. dykes 
and massive gabbros) and does not show that the 
tonalites-trondhjemites are found at different 
levels in the massive gabbro unit. 
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these rocks. Points to note include: (i) the clear discontinuity 
of the serpentinites and the overlying ultramafic unit. The 
serpentinites are shown elsewhere to represent mantle harzburgite 
depleted by basalt extraction (Abbotts, 1978e); (ii) the wide 
chemical variability in the early ultramafic cumulates caused by 
the strong layering in these rocks; (iii) the increasing 
homogeneity of the cumulate gabbros, as layering becomes less 
important; (iv) the extreme differentiation achieved within 
the massive gabbro unit and the precipitation of an Fe-Ti 
opaque phase and then zircon, when Ti and Zr reach saturation 
levels. 
8D. Rare-earth element chemistry 
REE data for three Masirah plutonic rocks and one 
metadolerite dyke are presented in Table 8 and Fig.2l. The 
plutonics have Fe/Mg ratios of 0.56 (X186), 0.77 (XII) and 
1.93 (Xl06) and represent the middle to late stages of fraction-
ation. The sub-parallel patterns of plutonics and dyke support 
the field evidence of origin in the same magma chamber(s). 
They demonstrate simple characteristics of (i) moderate LREE 
enrichment (CeN/YbN = 2.2-3. 6 ) and (ii) increasing total REE's 
and LREE enrichment with increasing Fe/Mg or Zr (Table 8). 
In a qualitative manner the development of these 
characteristics during gabbro. fractional crystallisation is 
simple to explain. The fractionating phases in the middle-late 
stages of crystallisation were pI, cpx and minor hb. The 
LREE's are preferentially incorporated into plagioclase, though 
Table 8 : REI: data on selected Masirah plutonics (p) and dykes (o) 
Sample No. La* Ce Nd 
X186 (p) 2.1 6.22 2.84 
XlI (p) 6.4 17.1 11.8 
MA183 (o) 7.2 17.2 12.6 
xl06 (p) 67.5 39.6 
X219 (o) 146.4 73.6 
BOB11 18.3 12.4 
BOB12 5.8 18.5 11.1 
Concentrations in ppm 
1 BOB1 calculated as unknown 
Sm 
1.04 
2.99 
3·52 
8.42 
12.5 
3.1 
3.3 
Eu Tb Yb Lu 
0.27 0.18 0.73 0.18 
1.13 0.51 1.80 0.32 
1.23 0.54 1.92 0.34 
3.41 1.76 4.96 1.19 
4.17 2.46 8.13 0.80 
1.16 0.66 2.62 0.41 
1.25 0.60 20 8 7 0.38 
* XRF analysis, all others INAA 
2 BOB1 standard analysis. 
Y* CeN/YbN Fe/Mg Zr 
7 2.2 0.56 11 
18 2.4 0.77 53 
25 2.3 0.87 115 
57 3.6 1.93 745 
59 4.7 4.45 784 
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all partition coefficients are «1, whereas clinopyroxene and 
hornblende more effectively partition the HREEls (e.g. ~PX/LIQ = 
Yb 
0.28). Thus crystallisation of the J phases will enrich the 
liquid in all REElS while the more effective cpx-hb fractionation 
of the fffiEEls will lead to an increasing LREE enrichment. 
To test this hypothesis semi-quantitative modelling of the 
fractional crystallisation patterns has been attempted (Table 9, 
Fig.22) assumine Raleieh fractionation (surface equilibrium 
crystallisation). The model requires a LREE-enriched initial 
melt because the type, and proportions, of the crystallising 
phases could not produce the patterns from a flat or LREE-
depleted magma. An initial melt was chosen (Table 9) with 
comparable characteristics to the most primitive (high Ni and 
Cr, low Zr) dyke which possessed LREE enrichment. The latter 
was assessed usine the CeN/YN ratios of the dykes (c.f. 
Saunders et aI, 1978). It is evident from the reasonable 
success of the modelling in Fig.22 that the observed REE 
patterns can be produced by fractionation of the phases present 
in the Masirah cumulates from a liquid of comparable composition 
to the more primitive, but LREE-enriched, Masirah dykes. 
The initial melt required by the model and in evidence in 
dykes of the sheeted dyke complex has a pattern of LREE 
enrichment (CeN/YN-l.S) at rather low REE levels (CeN-14). 
Constraint of the source, and degree of melting, involved 
in production of this melt is hampered by (i) the lack of 
exposure of undepleted mantle and (ii) poor control of the REE 
levels in the undepleted mantle beneath spreading centres. 
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Tab1e 9 REE fractional crystallisation model for Masirah 
plutonic samples 
Sample No. 
Modal composition 
(P1:Cpx) 
Estimated bulk 
composition of 
total precedine 
crystallisation 
(OL:PLICPX:HB) 
Fraction of 
1iquid remaining 
F(';) 
Measured REE 
X186 
60:40 
30:40:30:0 
28 
Ce Sm Yb 
XII xl06 
25:40:32.5:2.5 15:40:40.5 
Ce Sm Yb Ce Sm Yb 
1evels - Cs 21.4 16.1 8.8 84.6 45.3 23.8 
Model REE 
1 1evels - Cs 21.4 16.2 9.5 
A11 values chondrite-normalised. Model uses initial me1t of 
Ce 14.5 Sm 11.0 Yb 7.5 (see text). Partition coefficients 
from Hanson (1977), supplemented by Leeman (197 6 ) and Drake 
and Weill (1975). 
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FIG.22. Measured Ce, Sm and Yb concentrations in the Masirah gabbros 
compared with concentrations calculated by the fractional crystallisation 
model described in the text. 
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Estimates vary from 0.6 to 2.5 x chondrite and from slightly 
depleted to sliGhtly enriched patterns (Menzies et aI, 1977; 
Malpas, 1978). If a flat or slightly LREE enriched, 2 x 
chondrite, source is assumed the Masirah "primary melt" can be 
modelled by moderate (10-15%) degrees of melting of (i) plagioclase 
lherzoli te, provided largely plagioclase is mel ted (~70~b); 
(ii) spinel lherzolite with approximately 25% clinopyroxene; 
(iii) garnet peridotite, provided the residue contains 1-2% 
garnet. The decree of melting reduces with the assumed source 
content: for example if the source is chondritic, 5-7% melting 
is required. Discrimination of these alternatives is difficult. 
Mass balance calculations assuming 5-6 km for the magmatic 
:fraction and lY~ partial melting suggest at least 28-J5 km of 
depleted mantle. This may then suggest melting around the 
plagioclase lherzolite-spinel lherzolite boundary (~J3 km). 
Within the sheeted dyke complex there occur more primitive 
dykes than the assumed "primary melt". The "primary melt" is 
termed type A and the primitive dykes, type B, have 
characteristics of : Zr 34-51 ppm, CeN/YN 0.8-1.0, CeN~lO. 
Additionally there are rare dykes, type C, which cut the 
complete cumulate sequence. These indicate late intrusion 
and have strongly depleted characteristics : Zr 40-50 ppm, 
CeN/YN 0.5-0.6, CeN- 6.5, Ni 300-360 ppm. The LREE enriched 
gabbros could not be cumulate, with the cumulus phases present, 
:from depleted liquids such as B-C. Type B can be modelled 
:from a 2 x chondrite, spinel lherzolite by a 20% batch melt, 
leaving the ol-opx residue represented by the Masirah 
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serpentinites. However, if' the residue of' partial melting 
KREE/LIQ is harzburgitic the bulk D of' the residue is so low 
that the source must have a pattern parallel to the melt. 
Thus if type C was a batch melt of' pristine mantle, that mantle 
would have tho depleted REE pattern of C. All evidence suggests 
that primary lherzolite does not have such depleted patterns 
(e.g. Menzies et aI, 1977). Instead it is suggested that types 
A, B, C are more likely to represent continued incremental 
melting of' a progressively more depleted mantle, as suggested in 
the Troodos model of' 5mewing and Potts (1976). In this 
explanation type C would be a later, possibly off-axis, melt 
wh:1ch is precisely what its field relations suggest. The main 
distinction of this and the Troodos model is the smaller degree 
of initial melting in evidence on Masirah to produce the LREE-
enriched "primary liquids". These contrast with the depleted 
volcanics of' Troodos. 
9. GEOCHEMICAL IMPLICATIONS 
9A. Open-system fractionation 
Geochemical studies of the Masirah dykes and lavas have 
revealed the low Ti02 , P20 5, and Zr, the high Y/Nb, and the lack 
of 5:102 enrichment, typical of tholeiitic magma. The plutonic 
crystallisation sequence (Cr-Ol-Pl-Cpx) and the absence of an 
increase in 5i02 through most of the gabbros (Fig.12) suggest 
that they form by low P f'ractionation of a tholeiite liquid. 
The low incompatible levels, exemplified by Zr which is 
(25 ppm in most of the plutonics, suggests that general 
- 84 -
fractionation does not progress very far. It is suggested 
that this is due to the open nature of the fractionation 
system. Beneath the spreading axis there will be a continual 
supply to the base or the system of new primitive magmas and 
a balancing withdrawal or magma from the top to feed the dykes 
and lavas. This open nature will continually set back the 
differentiation process and thus differ markedly from the 
Skaergaard type closed system crystallisation of a single 
magma. Consequently the bulk of the Masirah gabbros have 
Fe/Mg ratios which show only limited overlap with the early 
Skaergaard products. The phases involved on Masirah are 
01ivine, calcic plagioclase and diopsidic clinopyroxene which 
are also those suggested to be important in the development of 
the ocean tholeiites (e.g. Miyashiro, Shido and Ewing, 1970; 
Hart, 1971; Cann, 1971). 
It seems likely that the partial melt batches supplied 
to the base of the system w~ll show more chemical variation 
than those drawn rrom the top because of the homogenisation 
as the melts mix with the magma chamber liquid. This in fact 
appears to be in evidence. Eight mantle minor intrusions 
(Table 7) show a wider chemical range than that of 40 combined 
dykes and lavas (Abbotts, 1978c). As an illustration, Zr 
ranges over 15-172 ppm in the minor intrusions and 34-161 in the 
dykes and lavas. The former range suggests variable degrees of 
mantle melting (Abbotts 1978e) and some crystal fractionation 
to explain Zr levels of 15 ppm which can only represent a 
cumu1ate origin. 
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9B. Differentiation to tonalite-trondhjemite 
The presence within the massive gabbro unit of igneous horn-
blende, followed by stabilisation of an Fe-Ti oxide phase, 
suggests an increasinrr PHZO (c.f. Allen, 1975). Hydrothermal 
circulation clearly penetrated to this level because of the 
metamorphic mineral assemblages present. Following Allen (1975) 
it is suggested that water saturation occurs in the magma, 
possibly through both hydrothermal and juvenile contributions. 
An increased PHZO would cause a FOZ increase at constant 
temperature and prompt Fe-Ti oxide precipitation. This event 
immediately directs the maG~a on a calc-alkaline trend of 
increasing SiOZ toward the granite minimum. The low K nature 
of the magma results in tonalites-trondhjemites. There is 
evidence of precipitation of hornb1ende-Fe-Ti oxide-apatite-
zircon during the fractionation. The low AFM trend thus 
appears to result from two processes: (i) the predominant open 
fractionation and (ii) local calc-alkaline differentiation 
probably related to local increases in PHZO. Similar high 
5iOZ ' low K rocks ("plagiogranites": Coleman and Peterman, 
1975) to the Masirah tonalite-trondhjemites have been described 
from the Indian Ocean (Engel and Fisher, 1975), the Sarmiento 
Ophiolite (Saunders et aI, 1978) and the ophiolites of 
Troodos, Cyprus; Semail, Oman; and Point Sal, California 
(Aldiss, 1978). The rarity of these silicic differentiates 
on Masirah may suggest that suitable conditions of oxide 
precipitation occurred only spasmodically, possibly in local 
closures of the fractionation system. Tona1ites-trondhjemites 
were found as screens to 90% dykes and as veins cutting 
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cumulate gabbro breccias, suggesting that formation occurred 
at variable heights within the crust. It is, in fact, 
difficult to judge if the rarity of the rocks is original or 
whether the faultinG' at the upper gabbro c1.UDulate-massive 
gabbro level has "hidden" them. 
9C. Consequences of "Massive Gabbro" underplating 
The trondhjemites represent local extreme differentiation 
but it is evident (e.g. Figs, 14, 18) that the whole massive 
gabbro unit is rather more fractionated than the lower gabbros. 
The depleted nature of the latter reflects their cumulate 
origin. Rock textures and screen : dyke relationships have 
been interpreted as indicating an underplated origin for the 
massive gabbros, caused by the hydrothermal cooling of the 
overlying crust. Such an origin would more closely reflect 
liquid composition than cumUlate settling and may explain 
the more enriched nature. 
The variability within the "massive gabbro" unit, from 
microgabbroic to pegmatitic grain-size, from massive and 
ophitic to laminated and banded, from gabbro to trondhjemite, 
must reflect the complex situation near the roof of the 
spreading centre mab~a chamber(s). Local water penetration 
and periodic mal..'lDa escape into dykes will both be contributory 
causes. The pegmatites which intrude the whole gabbro sequence 
may represent water enriched residual fluids. 
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9D. Degree of mantle melting 
suggest 
The LREE enriched characteristics of the Masirah sequence/ 
moderate decrees of mantle melting; a 2 x chondrite lherzolite 
source would involve 10-15% melting. In contrast the Troodos 
sequence contains LREE depleted patterns and is believed to 
represent higher decrees of melting (25-30% : Allen, 1975). 
The two ophiolites contain different crystallisation sequences; 
on Masirah placioclase precedes clinopyroxene, on Troodos the 
reverse occurs. Additionally the early plagioclase on Masirah 
is ~ An85 whereas Troodos is more calcic ~An94 (Fig.7). 
These relationships have been interpreted above as indicating 
lower CaO/A120 3 and CaO/Na20 ratios in the Masirah liquid. 
The work of Allen (1975), and that discussed above, 
suggests that meltinG at both spreading centres may in part 
have occurred in the plagioclase-lherzolite stability field. 
The smaller degree of melting at Masirah could involve a 
higher pI > cpx + opx + 01 contribution to the produced melt. 
This would explain the low CaO/A120 3 and CaO/Na20, the LREE 
enrichment, the plagioclase-rich sequence and the absence of 
orthopyroxene in the Masirah gabbros. However it should be 
noted that the Masirah serpentinites possess a low CaO/AI20 3 
characteristi~ This may be an effect of advanced serpent-
inization or it may suggest that a mantle characteristic has 
affected the magmatic sequence. 
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9E. Fractional crystallisation errects on dyke-lava chemistry 
The errect or Gabbro crystallisation on dyke-lava 
chemistry has been reviewed elsewhere but Fig.2J provides a 
usef'ul summary or the relationships. In this f'igure the 
crystallisation vectors cover the main cumulus phases in the 
Hasirah gabbros, their origin is placed at the composition of 
the dykes used as the "primary liquid" of REE modelling, and 
their length represents 50~ crystallisation. It can be seen 
that the variation in Masirah dyke-lava chemistry can be 
expl.ained by extensive crystallisation of plagioclase-rich 
gabbros, as present on ~fasirah. The Ti02 levels ( > .7%) 
suggests that the Masirah Ophiolite represents the high Ti02 
suite of Sun and Nesbitt {1978}; the "primary liquid"dykes 
have the chondritic A120J/Ti02 ratio {~20} and the Ti02 
content (0.7-0.8%) which Sun and Nesbitt {1978} quote for 
the least-rractionated magma of' the high Ti02 suite. The more 
primitive dykes "'hich are not enclosed within the crystallisation 
vectors are the late depleted dykes which intrude the cumUlate 
gabbros. These were interpreted as late melts in a process 
o~ incremental mantle melting and their high A120J/Ti02 ratios 
(20-40 ) are in agreement with this model. 
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FIG.23. Al20 J/Ti02 v Ti for the Masirah dykes and lavas. 
The fractionation vectors and their lengths are 50% 
crystallisation (taken from Pearce and Flower, 1978). 
{"a) 
Plate 3. 1 
Layered gabbros composed of clinopyroxene 
troctolite (dark) and olivine-clinopyroxene 
anorthosite (pale) from the ultramafic 
cumulate unit (p. 45 ) 
Jabal Madrub FT962730 
(b) Layered gabbros composed of anorthositic gabbro 
(pale, at t::>p), olivine gabbro and plagioclase-
bearing dunite (dark, in centre). The fold shown 
by the dunite layer is a rare example. The hammer 
is 60 cm long. 
Humer FT972675 
Plate 3.2 
(a) Layering caused by variation in olivine: plagioclase modal 
ratio. The irregularity is typical of most of the cumulates. 
Rassier GTOl5690. 
(b) Sharp contact of a gabbro pegmatite pod in massive 
clinopyroxene gabbro. These pegmatites are seen as 
late intrusions in all of the plutonic areas (P. 51 a and54 ). 
Jabal Bhala FT9l5640 
(a) 
(b) 
Plate 3.3 
Isomodal lay ring of mela and leuco -olivine gabbro in the 
ultramafic cumulat s at Rassi r (s e P.510). GT034706 
Block showing small-scal rhythmic layering of mela and 
leuco -olivin gabbro (P. 50 ). 
Rassi r GT034700 
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CHAPl n. 4 
I~TRUSIVE PROCESSES AT OCEAN RIDGES: EVIDENCE FROM THE SHEETED DYKE 
COMPLEX OF MASIRAH. OHAN. 
J • L. ABOO'ITS 
Dept. of Geoloc;ical Sciences, Univc.-rEity of Bh-rnincham, Binninc;ham, 
B15 2'1'1', U.K. 
A.ESTRACT 
l'.asirah Island 1areely consists of a late l!esozoic ophiolite 
which includes extensive areas of near-vertical, El'lE-HSW striking, 
sheeted d~ykes. fTeviously the possibility ~~ been suggested of a 
correlation between the similarlY-aced ophiolites of Hasirah and 
the Semail CO!Jplex of the Oman Nts. Ho\·:ever the l-~irah EllE-WSVl 
\ trend contrasts with N-S c3ske trendsfrom the \ladi Jizi area of the 
Semail, pocsibly succestinc two unrelated spreading centres. The 
c3skes p~~s up into a pillow lava - minor sediment sequence, down 
into both laJered and unla.yered cabbros aTld are bounded to the west 
by a major li-S melaTlce zone which may have originated as a ridge 
transform fault. Ace relations of the dykes and the cabbros are 
complex: the dyl:es contain a variable proportion of Cabbro screens 
representinc earlier crystalliGation, but they are also intruded by 
several small Gabbro bodies which are tbenselves cut by still later 
dykes. The lava and dykc- cabbro screen sequence shows evidence of 
metanorphism from zeolite to low amphibolite t;rade. Tnis metamorpbism 
was causc.-d by ridt;e bJdrotbennal activity which appears to have been 
effecti ve approximately to the lower levels of the c3skes. The rapid 
pacsace from low-amphibolite c3skes to fresh eabbro sUGcests litholoGical 
control of the metamorphism. A combination of structural, eeochemical 
and mineral l,h:v~e ctu(lies may indicate ceneration in a slow spreading 
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ridge environment and near-ridce metamorphism caused by a geothermal 
gradient of approximately 200oC;km. 
nrrnoDUCTIOll 
The island of Masirah lies off the S.E. coast of Oman and is 
composed of a well-exposed and fully-developed ophiolite (Moseley, 
1969; Glennie et al, 1974; Abbotts, 1978). Field investigations in 
1976 and 1977 showed that serpentinised harzburgites, ultramafic 
and gabbroic plutonics, minor plagiogranite, a sheeted dyke complex 
and pillow lavas are all exposed, and of these one of the most 
impressive features is the sheeted dyke complex which outcrops over 
approximately 225 k1i. 
The ophiolite has associated Lower to Mid-Cretaceous sediments 
(Glennie et 'al, op.cit.) and is unconformably overlain by Lower Tertiary 
limestone. It probably represents l-tesozoic (1 Cretaceous) ocean crust 
emplaced during Upper Cretaceous-Lower Tertiary times. The site of 
the former constructive margin is problematical. Previous correlation 
of .the Masirah Ophiolite with the Semail Complex of Oman (Fig. 1, 
inset C) could sugsest an origin in the ocean to the NE of Oman in 
which the Semail Complex is thought to have formed (Glennie et al, 
op.cit.). However recent work places some doubt on this Semail-Masirah 
correlation and may indicate a possible origin for the latter to the . 
SE of Arab~a as ocean crust formed during early Indian Ocean spreading. 
(Moseley and Abbotts, in press). 
This paper examines the structural, intrusive and metamorphic 
history of the sheeted dykes and their associated rocks and provides 
information on the processes operative at the constructive margin at 
which the dykes were generated. 
FIG.l. (overleaf) Geological map of the south 
and centre of Masirah Island showing the outcrop 
of the sheeted dyke complex and adjacent 
lithologies. 
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STRUCTURE OF THE SHEE:'rED DYKE COHPLEX AND ASSOCIATED ROCKS 
Sheeted dykes form most of the southern third of Masirah Island. 
They trend DtE.-WSW and are genera.lly either vertical or dip steeply 
(70-850 ) to the SSE (Fie. 1). There are further areas of sheeted 
dykes, of more north-easterly trend, in the "gabbro with doleri te dykes" 
uni t of the centre of the island. The main southern sheeted dykes can 
be subdivided according to the types of screen present, whether pillow 
lava or gabbro, in a similar way to the subdivision of the Troodos by 
Moores and Vine (1971). Dykes with pillow lava screens are rare, 
restricted to a few outcrops along the NW boundary with the pillow 
lava belt, and form approximately 5 km2 of the complex. The remaining 
220 km2 is largely composed of dykes with a variable proportion of 
gabbro screens. 
pyke complex-pillow lava relationships 
Relationships along the NW boundary of the sheeted dykes are partially 
obscured by faulting which often results in an abrupt contact between 
dyke complex, with 100 percent dykes, and red pillow lavas. This 
causes a marked topogr~hic feature due to the more erosion-resistant 
dykes. However detailed (1:10000) mapping at several localities has 
revealed sequences less disturbed by faulting. At Haql (Fig. 1, 
inset B) the sequence from SE to NW consists of dykes with gabbro screens, 
100 percent dykes, dykes with green pillow lava screens, green pillow 
lavas cut by rare dykes, red pillow lavas and locally at the top of the 
sequence 20-30 metres of maiis. The succession is then cut off by a 
NE-SW tectonic line. This whole sequence occurs over a distance, normal 
to strike, of 3300 metres and is believed to represent the original 
ocean crust stratigraphy because: (a) dykes are rare in the red pillow 
lavas but are commonly Bcen cutting outcrops of the green pillow lavas; 
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(b) the red pillow lavas, the green pillow lavas and the dykes show 
the effects of an ordered downward increase in metamorphic grade. 
The dykes are either vertical or steeply-dipping to the SSE and 
thus minimum thicknesses of the pillow lava units can be estimated. 
The steep dyke dip suggests that even here the pillow lava outcrop may 
be determined by faulting. An anomoly is presented by the marls at 
the top of the sequence which are strongly folded and dip at 30-900 
to the NW, rather steeper than expected. Their steep attitude and 
strong foldine may however be the result of movement on the adjacent 
~SW tectonic line, which is probably a complex fault which places 
gabbros and serpentinites against the lava unit (Fig. 1). 
BYke complex with eabbro screens 
As noted before most of the dyke area contains screens of gabbro, 
or very rarely diorite and quartz diorite. There are no ultramafic 
screens,thouc;h 5 km NW of Nacula (8862), in the "gabbro, serpentinised 
troctolite" unit (Fig. 1), dolerite intrudes serpentinite both as 
dykes, fonnins up to 50 per cent of the outcrops, and as irregular 
plugs 40-50 metres in diameter. The gabbro screens are easily recog-
nisable in the field by their coarser grain-size and abrupt contacts 
with the dykes (Plate 1). They also possess distinct petrographical 
and geochemical differences from the dykes (Table 1 and Abbotts, in 
press) confirming that they are not the coarser centres of dykes 
isolated by further intrusion. In common with other ophiolites (Kidd 
et al, 1978) the gabbro is generally plagioclase-rich and lacking in 
opaques. The screens are usu.al.ly unlayered though near Urf (8139) and 
in the centre of the island (Fig. 2) a good mineralogical layering and ./ 
accompanying strong mineral lineation is developed. The former is 
continuous only over 5-10 metres and consists of plagioclase or 
FIG.2. (overlear) Complex dyke-gabbro 
relationships toward the base or the sheeted dykes. 
See Fig.l. ror location. 
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measurements of the dyke proportion yielded means of 86 percent dykes 
in the northern area, 73 percent in the central and 59 percent in the 
southern. The corresponding mean dips were 850 , 820 and 81.50 , all 
to the SSE, thoueh it should be noted that dykes occur occasionally 
throuGhout dippinG steeply to the NNW. Ophiolite stUdies (e.e. Dewey 
and Kidd, 1977) suGGest a gradually decreasing proportion of dykes 
around the dyke base. On Masirah the southward dip of the dykes, 
thoueh steep, implies exposure of lower crust in a southerly direction 
and probably explains the decreasing dyke proportion. A complete 
passage into gabbros without dykes is not seen in the main southern 
outcrop. However the "gabbro with dolerite dykes" outcrops in the 
centre of the island contain an average of 30-40% dykes and include 
large areas of 90-100 percent gabbro (Fig. 2) whilst higher ground 
in the north of the island is composed of layered gabbros and ultra-
basics with 0-5 percent dykes. These outcrops which cannot be strictly 
related because of tectonic disruption probably represent progressively 
deeper levels with decreasing dyke proportions. 
The 160 measured localities throughout the main dyke complex yield 
a mean dyke percent of 76 implying at least 11.4 km extension in the 
1.5 Jan or exposure. This is a minimum value because these localities 
include the southern end of the main complex which it is suggested 
above represents deeper dyke levels; 100 percent extension is 
indicated by the outcrops with 100 percent dykes immediately south of 
the pillow lavas. As sUCeested for the Troodos Ophiolite (Gass and 
&!lewing, 19'73) and for the semaU complex (Glennie et al, 1973) the 
only known mechanism for such levels of extension would seem to be 
spreading at a constructive margin. 
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fuke trends 
Figure 1 summarizes the dyke trends throughout the complex and 
shows the consistent Er~WSW strike and vertical to steep SSE dip. 
This Sll{;gests a phase of smooth sea-floor spreading and an original 
ENE-WSW constructive maein, assuming no subsequent tectonic rotation. 
The generally consistent dip and strike of the dykes indicates that 
the easiest ascent is usually defined by the tensional regime and 
the pre-existing vertical dykes. 
Along the western margin of the dyke complex dykes locally occur 
with a N-S trend, at obvious variance with the regional strike (Fig. 1: 
7437, 7443, 7649). These all occur close to the contact with the N-S 
melange zone, which cross cuts the ophiolite to the west, though in 
one instance (7649) dykes of a normal trend intervene between ,the 
melange and those of N-S strike. This vertical melange zone is up to 
5 kIll wide and contains blocks from all crustal levels, including 
troctolite, Cabbro, dolerite, lava and chert. These are commonly 
contained in a serpentinite matrix. Sampling of present-day trans-
forms exposes a similar variety of rocks and similarly extensive 
serpentinite, the occurrence of which is commonly attributed to 
extensive ocean crust diapirism. (e.g. Melson and Thompson, 1971; 
Bonatti and Honnorez, 1976; Bonatti, 1978). It has been suggested 
elsewhere (Moseley and Abbotts,op.cit.) that this 'melange may have 
originated as a ridge transform fault. along which there has been 
extensive serpentinite diapirism triggered by water penetration along 
the fault. The melange is almost perpendicular to the dykes in 
classic transform - spreading axis relationship. 
The dykes wi. th a normal trend at 7649 appear to rule out the 
mechanical rotation of whole blocks by any tectonic processes which 
& 
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miGht have operated alone the melanee zone. Instead it seems likely 
that the N-S ~kes represent intrusion parallel to the postulated 
transform, similar to that noted in the Troodos (Moores and Vine, 1971). 
Dyke dips 
Irreculari ties of dip occur only rarely. South of Haql in a 
sequence of nomal ncar-vertical dykes, which strike NE-SW, ,are found 
occasional dykes which dip at 40-450 to the NH.Cann (1974) has described 
how late off-axis dykes may cut the existing sequence, which dips away 
from the spreading axis because of a process of isostatic compensation 
for lava extrusion. However at Haql the dominance of the vertical 
dykes is the reverse of the situat~on expected in that theoretical 
model. The majority of dykes are bebleen 15-100 cm wide (total range 
3-400 cm) and a simpler explanation for the rare discordant examples 
might be diversion of normal vertical ma...,t'"!Ila ascent by faults in the 
yOun.{; ocean crust. East of Kalban (7,5l-l-4), again near the western edge 
of the complex, is a small area of narrow intrusions with irreGUl-ar dips 
(10-900 ) and strikes (E-W to N-S). This area may be further evidence 
of irrecu1ar intrusive activity caused by interference of the postulated 
transform on the normal tensional stress field. The shallower dips 
could represent the presence of thin sills of similar dimensions to the 
dykes. Sills are -, commonly described in the ophiolitic literature 
~, have been noted from ocean-floor drilling (e.g. Bass et al., 1973; 
.~sh, pers comrn: evidence from Leg 58). 
Gabbro intrusions of the sheeted gykes 
At Ras Kaida there are two irregularly-shaped intrusions, amounting 
together to approximately 4 km2• (Fig. 1). They are composed of 
olivine-gabbro, pyroxene gabbro and gabbroic anorthosite, which contain 
abundant blocks, up to 400 metres in diameter, of serpentinised picrite 
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and troctolite. The intrusions are clearly discordant to the 
surrounding dyke swann, which here contains 70-80 percent dykes. 
The ultramafic blocks probably represent lower level plutonics 
caught up by the maona as it rose and could be ei ther early 
remobilized cumulates of the Ras Kaida gabbro itself or pre-
existing lower oceanic crust. Both intrusions are cut by rare 
dolerite dykes which form less than 1 percent of the outcrops and 
appear to have a trend (WNW-ESE) at variance with that of the main 
dyke swarm (nre-wsw). The rarity of these dykes and possibly their 
oblique trend may sucgest off-axis gabbro intrusion outside the 
zone of active spreading tension. 
Part of the "cabbro with dykes unit", of the centre of the 
island, is illustrated in Fig. 2. This shows both the presence of 
another gabbro intrusion and the complex relations in these lower 
dyke levels. Dyke cor.tplex, with 10 percent gabbro screens repre-
senting earlier crystallisation (at Y), is intruded by an obviously 
discordant gabbro (X), which possesses the steep mineral-layering noted 
before. This gabbro appears to pass laterally into outcrops where it 
is intruded by 20-30 percent dykes. (near Z) The near-paraJ.lelism 
of all the dykes of this region suggests that all this intrusive 
activity took place within the near-axial,active-tension, regime. 
SUB-SEA FLOOR MF:rAMORPHISM 
Wi thin the ophiolite the pillow lavas and the sheeted dyke 
complex have been subjected to an ordered zeolite-greenschist-low 
amphiboli te metamorphism, the cause and affects of which are broadly 
similar to those adequately described in the literature both on the 
ophiolites of Cyprus (Gass and Smewing, 1973), E. Liguria (Spooner 
and Pyfe, 1973), Newfoundland (Coish, 1976) and ChUe (Saunders et al., 
19'78) and on samples drilled from active ridee crests (Bonatti et al, 
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1975; Bonatti, 1976). Thus the important features of the metamorphism 
are sur.unarized in Table 1 and only those aspects unique to Hasirah 
will be considered here. 
The metamorphism is ascribed, as are those above, to the sub-sea 
floor hydrothcrnal circulation and high geothermal gradients prevalent 
at and near to the active spreading ridge at which the Masirah ophiolite 
was Calmost certainly) £cnerated. Hctamorphism in this environment 
explains Ca) the oxidised calcite-haematite assemblages at the top of 
the ophiolite sequence in the red pillow lavas; (b) the lack of any 
recrystallisation fabrics which are so typical of dynamothermal green-
schist-amphibolite metamorphism; (c) the metamorphic peak in the 
sheeted dykes with fresh plutonics below, which suggests a circulation 
base near the base of the dykes; (d) the appearance/disappearance of 
metamorphic minerals which approximately parallels the different 
litholoeic units andthu8 also the original rock-water interface. 
The dykes often show preferential saussuri tization of the calcic 
cores of their metamorphically-zoned plagioclase which may indicate a 
retroeressive element in the metamorphism as the crust moves aWBJ from 
the spreading centre. Similarly the prescence together of both green 
hornblende and actinolite in some of the gabbro screens suggests 
metamorphic complexity with amphibole growth responding to differing 
metamorphic conditions (c.f. Grapes, 1975). 
Problem of the red pillow lavas 
The pres ence of rcd-purple pillow lavas at the top of the 
succession on Masirah is interesting since such lavas do not appear 
to be sampled from present-day ocean-floors. This mBJ suggest that 
the coloration was acquired after ophiolite emplacement by weathering 
in those upper levels in which iron was not fixed in stable phases 
'.rable 1 Petro~aphy and metamorphic assemblages in the Masirah Ophiolite 
Lithologic 
unit 
HetSJ:lorphosed 
red pillo.., 
lavas 
Metamorphosed 
green pillO'tl 
(and rare 
metadolerite 
dykes). 
Metamorphic 
mineral 
assemblage 
Zeolite-
?Smectite-
haematite-
calcite-
(chlorite) 
(Haematite)-
chlorite-
(actinolite) 
Metamorphic 
mineral 
appearance 
Zeolite-?Smectite-
haematite 
Chlorite 
Actinolite 
--------------------------------------------- Actinolitic hornblende 
Metadolerite 
dykes (and 
gabbro. 
screens) 
(Chlorite)-
actinolite-
actinolitic 
hornblende-
sodic 
plagioclase-
sphene Brown hornblende-
--...... _---- - ----------------~ .......... ----------------------------
Rare 
Plutonic metagabbro 
sequence Fresh 
gabbro 
Actinolite-
hornblende (green)-
sodic plagioclase 
Metamorphic 
mineral 
disappearance 
{
Zeolite (?smectite, 
haematite, calCite, 
decrease to 
accessory levels 
Chlorite decreases 
to accessory 
level. 
l~ote: • DifficUlt to decide· if brown hornblende is of late igneous or metamorphic origin. 
Original igneous minerals and 
textures versus recrystallisation 
Plasiopbyric (An86); rare olivine, 
opaque, and clinopyroxene 
phenocrysts. 
P4tr1x: perfectly ~reserved 
vitropbyric, variolitic, sub-
ophitic pillow zones. 
(Rare dykes as below except 
finer-grain, fresher clino-
pyroxene, less recrystallisation). 
Dykes = aphyric-plagiophyric, ~ 
only rare olivine, clinopyroxene I 
phenocrysts. ¥.a.trix of plagio-
clase (An70 )-encliopside-ilme Iri. to-
titanomagnetite. Uralitization 
destroys sub-ophitic texture. 
Screens = plagioclase (An81-86). 
diopside-very minor ilmenite-
titanomagnetite. 
Coarse parallel texture. Minor 
to extensive uralitization. 
Igneous mineralogy and texture 
as for screen gabbro. Minor 
uraJ.itization. 
Igneous mineralogy and texture 
as for screen gabbro. 
i 
I 
Mineral identification and composition determinations by optical and electron microprobe methods. 
. .. "~~.=.-~,-~ 
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(e.g. creen lava chlorite?). nley form approximately 80 percent of 
the lava outcrops on Masirah although this figure is probably increased 
by faul tinc-out of the crecn pillow lavas. This contrasts with the 
situation in the Oman Hts where Smewing et al (1977) describe red 
hematitic lavas as of very limited extent compared to green lavas. 
LitholoGical control of metamorphism 
The passaee from low-amphibolite facies dykes to fresh gabbros 
is rapid in both vertical and lateral directions at the base of the 
dykes. Labradoritc-diopside gabbros with only minor uralitization 
and unzoned, or sliGhtly zoned (An81-77), plagioclase grade over 
80-100 metres into dyl{e-rich areas in which the clinopyroxene phase 
of the dykes is extensively uralitized, the plagioclase has acquired 
a metamorphic zoning from An80 to An27, and use of the Fe-Ti oxide 
geothermometer of Buddington and Lindsley (1964) suggests that the 
ore minerals have re-equilibrated to temperatures of 320-?;40°C. It 
seems that there is a lithological control on the hydrothermal metamorphism 
probably caused by a permeability decrease from a unit of narrow, 
vertical. dykes which 'Would permit water passage along dyke boundaries 
to one of massive, homogenous , gabbro. It is also possible that 
increasing temperature, and fault closure with depth, help to prevent 
further 'Water penetration. Thus the base of the dykes approximately 
coincides with the base of hydrothermal circulation and of metamorphism. 
Geothermal gradient of metamorphism 
~e appearance of actinolite near the base of the green pillow 
lavas is indicative or a temperature of at least 3200 C (Keith et al., 
1968>, a value which seems to be corroborated by dyke Ti-ore geother-
mometry which gives reequilibration temperatures or 320-340°c. The 
passage from a GIleeti te to chlorite around the red-green pillow lava 
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junction, thouGh blurred by the occasional occurrence of both 
together, suecests a temperature around 21o±20oC (Spooner and Fyfe, 
1973). In the unfaulted sequence at IIaqI a maximum of 1 km of red 
pillow lavas and 0.75 km of creen pillow lavas outcrop. These 
vertical thicknesses are calculated assuming (1) a lava dip of 
37.5°, which is an averac;e of that indicated by the marls above 
and the dykes below and (2) that the marls represent the top of the 
lava succession. These thicknesses, combined with the temperatures 
above, indicate a geothermal gradient of approximately 170-200oC. 
It is possible that the dykes give a better indication of lava thick-
ness than the folded marls in which case the estimated gradient is 
on the low side. This value compares with 160°C/km for the Troodos 
ophiolite (Gass and Smewing, 1973) and 3OOoC/km for the Betts Cove 
ophiolite (Coiah, 1976). 
CONCLUSIONS CONCERNlliG THE TmTONIC mNIRONMENT OF DYKE INTRUSION 
Ocean ridce, rnarcrtnal basin, or island arc? 
There is now wide acceptance by most earth scientists of an 
ocean crust origin for fully-developed ophiolites but it is often 
less clear whether individual ophiolites represent the products of 
(a) mid-ocean rid{;e spreading (b) marginal basin spreading or (c) 
early island arc volcanic activity (e.g. Saunders et al., 1978). 
Origin of the Masirah ophiolite at a spreading ridge is suggested 
2 by the outcrop of 225 km of parallel sheeted dykes, by the lack of 
evidence of subduction and island arc volcanism in the late Mesozoic-
early Tertiary on this passive Arabian continental margin, and by 
geochemical studies of the dykes (Abbotts, in press). These latter 
clearly indicate both the tholeiitic nature of the dykes and their 
strong ridge affinities in levels of MgO, Ni, Cr and probably Ti02 
(Table 2 and Fig. 3). 
Table 2 
Si02 
Ti02 
A1203 
tFe203 
MgO 
CaO 
Nc20 
K20 
P205 
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1-1asirah Ophiolite: mean dyke analysis compared with mean 
mid-oce311 ridee and island arc basalt analyses 
Hean1 Hean Mid-Ocean Island-arc Dyke Ridee Basalt2 tholeiite basalt3 
47.84- 49.21 51.38 
1.08 1.39 0.57 
14.73 15.81 18.25 
9.57 10.20 10.13 
10.20 8.53 6.13 
11.85 11.14 11.81 
2.21 2.71 1.81 
0.26 0.26 0.26 
0.11 0.15 0.02 
Trace elements in ppm 
Cr 336 296 43 
Ni 131 123 24 
Zn 42 122 n.d. 
Ga 16 18 18 
Rb 2 5 5 
Sr 211 123 105 
Y 22 43 n.d. 
Zr 79 100 55 
Nb 8 5 n.d. 
Ba 72 12 28 
La 4 n.d. n.d. 
Ce 12 n.d. n.d. 
Note: n.d. = not determined. 
1 
2 
IZ mean 0 f 22 dyke samples 
= Average MOR-basalt value (Engel et al, 1965; 
Melson and Thompson, 1971; Erlank and Kable, 
1976) 
= Sample SSV9.1, porphyritic basalt from the 
S. Sandwich Is. (Baker, 1978) 
From 
Saunders 
et a1 (in press) 
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FIG.). Figure taken 
from Abbotts (in 
press) showing Masirah 
dyke and lava samples 
plotted on a log Ti -
log Cr discrimination 
diagram (Pearce, 1975). 
Note the clear ocean 
floor basalt affinity. 
- 103 -
It is more difficult to discriminate between mid-ocean and 
marginal basin environments, particularly as all gradations may 
well exist between the two. A small marginal basin seems to 
present advantaces as the site of ophiolite generation because: 
(1) the sandwiched position of the ocean-crust between blocks of 
continental crust, (2) the shallower sea and (3) the more bouyant 
mantle (Hawkins, 1976) beneath the back-arc basin may all hetp in 
emplacement of the ophiolite. Previously the correlation has been 
made between Masirah and the Semail Ophiolite of the Oman Mts, which 
is believed to have been derived from the NE of Oman in the late 
Cretaceous (Glennie et al, 1973). Arguments have however recently 
been presented which cast doubts on the correlation (Moseley and Abbotts 
in press), one being the contrasting dyke trends of N-S in at least 
the Wadi Jizi area of the Semail (Smewing et al, 1977) to ENF-WSW on 
Masirah. It seems possible that Masirah may instead represent ocean 
floor generated during initial Cretaceous spreading at an early ~5W 
mid-Indian Ocean ridge. The north-eastwards movement of the Arabian 
continental plate in the Tertiary (Gass and Gibson, 1969) could have 
caused oblique compression at the plate boundary with the north-
western Indian Ocean plate and may have led to ophiolite uplift or 
upthrust along the weak melange (1 transform) line. There are two 
arguments which support this hypothesis: (1) the e~idence of D.S.D.P. 
drilling which penetrated Palaeocene basement 2.50 km SE of Masirah, 
and that of Upper Cretaceous-Lower Tertiary magnetic anomolies to the 
e-
of Masirah suggest adjacent Cretaceous crust (2) the orientation of 
the dykes (rnE-WSW) is similar to that of the early E-W Indian Ocean 
ridge. This ridi;e was abandoned approximately 50 m. yrs ago (McKenzie .and 
5clater, 1977. op.cit., Gealey, 1977). Planned palaeomagnetic work on 
oriented dyke samples may add further constraints here. 
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Geochemical studies of the ~~irah rocks do not help to discriminate 
between this possible mid-ocean origin and a marginal basin environment 
because (a) the elements K, Rb, Ba and Sr which are possibly enriched in 
marginal basin basalts (Saunders et al, in press) have been subjected to 
secondary mobility during their metamorphism (Abbotts, in press), and 
(b) because of problems caused by the larGe chemical variation wi thin 
fresh MOR-basalts and their extensive chemical overlap with marginal 
basin basalts. 
Timing of dyke intrusion and r;abbro crystallisation 
Cann (1974) and Dewey and Kidd (1977) both suggest in theoretical 
models that a ridGe maema chamber will develop normal floor cumulates 
and because of hydrothermal cooling of the thin (2-3 km) crust above 
should freeze from the top downward as homogenous unlayered gabbro. 
They both sugcest that the depth of the qyke-gabbro transition zone may 
be controlled by the lower limit of hydrothermal circulation. On Masirah 
homogenous unlayered Gabbro appears to form 80-90 percent of both the 
dyke screens and the gabbro component of the "gabbro with qykesll unit 
of the centre of the iGlruld, which is thought to represent the lower 
levels of the dyke complex. These unlayered gabbros are probably the 
products of the roof crystallisation suggested by the above models. 
Layered gabbros mnke up the other 10-20 percent. The layering is 
always steeply dipping, usually sub-parallel to the dykes, occurs in 
areas with 10 to 60 percent qykes and is rather irregular in extent 
and scale. There is no indication that it is either cumulate in origin 
or part of wide, coarse dykes and it seems more likely that it may 
indicate vertical flowage at or near the top of the magma chamber(s). 
Frequently the eloncate plagioclase plates and diot-de prisms define 
a good lineation SUGgestive of such directional flow. It seems possible 
that this occasional sub-vertical flowage of magma may have been the 
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feeders of the sliGhtly hieher dykes. Its relation to the dykes 
contrasts with the lSJering in the gabbros and u1 trabasics of the 
north of the island. There the much rarer dykes cut the gabbro 
lSJerin~ at high angles, the layering is rather more regular, and 
the gabbros possess foliated and cumulate textures. The lack of 
a mineral lineation combined with these observations, suggests 
cumulate lSJer~ here. 
A model of the intrusive processes at the Masirah spreading 
centre must explain the vertical variation from 90-100 percent dykes 
found in the main sheeted dyke complex to 95-100 percent gabbro found 
in these northern outcrops of the island. 
As the newly fonned ocean crust began to accelerate aw~ from 
the l·fasirah ridee axis it would probably have consisted of early 
lava nOlo'S and dykes above a magma chamber which had only undergone 
limited crystallisation. This situation is suggested both by 
theoretical cooling models (Cann, op.cit.; Dewey & Kidd, op.cit.) 
and geochemical work referred to below. Continued acceleration would 
have caused further tensional dyke injection while contemporaneous 
crystallisation of diopsid~pla.gioclase roof gabbros should occur, 
gradually underplating the early dykes. As gabbro underplating 
continued and the crust accelerated up to its steady spreading rate, 
ending active tension, the two factors would have combined to make 
dyke intrusion progressively more difficult. All variations from 
100 percent dykes to 100 percent gabbros could b!! generated by the 
increasing importance of the gabbro underplating process relative to 
that of dyke injection. The model is similar to that recently used 
to explain the Mings Bight Ophiolite, Newfoundland (Kidd et al., 1978). 
Dewey and Kidd (1m) suggest a half width for the axial zone of dyke 
intrusion, baaed on ARCIlNA observations,of 1.25 km. 
- 106 -
Geochemical stu~ (Abbotts, in press) has sho~m a complete range 
of dykes from primitive members with low Zr (34-51 ppm), Ti, P, Y and 
REE's, whose chemistry is virtually unaffected by gabbroic fractional 
crystallisation and reflects the mantle partial meltinG process, to 
more enriched dykes with higher Zr (130-135 ppm), Ti, P, Y and REE's. 
It bas also shown that the enrichment in these dykes was probably 
caused by fractional crystallisation of olivine, plagioclase and 
diopside, the phenocryst phases found in the dykes, and also the 
phases forming the gabbro sequence. These observations suggest that 
gabbro crystallisation caused the progressive enrichment of the 
escaping dykes, which fits wel1 with the explanation above of gabbro 
underplating, contemporaneous with dyke escape and intrusion. The 
gabbro screens, representing early roof crystallisation, are usually 
plagioclase rich gabbro anorthosites and anorthositic gabbros with 
diopside and only very rare olivine. In contrast the lower level 
plutonics are cumulus olivine and then olivine-plagioclase rocks, 
wi th only intercumulus diopside. The contrasting mineralogy is 
probably explained by the cumulate nature of the lower plutonics 
whereas the screens may largely represent mafic liquid frozen on 
the roof of the magma chamber. 
Origin of the local variation in the dyke: screen ratio 
There are obvious complications to this simplified picture in 
the form of the abrupt changes and lateral transitions from 80-90 percent 
dykes to 80-90 percent gabbros. These are particularly common in the 
south of the main complex and in the "gabbro with dykes" unit, both 
believed to represent the lower levels of the sheeted dykes. These 
variations are rather similar to those described by Kidd et al (1978) 
in the Mi.ngs Bight Ophiolite Newfoundland though here they are both 
of larger scale and more diverse in origin. Gabbro-rich areas wi thin 
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levels of dooinant-dykes occur up to 75IJ m across, an example being 
the intrusive cabbro X in Fie. 2. It is possible that faulting and/or 
roof-stoping mir;ht encourage such intrusion parallel to the strike 
of the dykes but no supporting evidence for this process has been seen 
in the wa;J' of dyke-blocks sunk into the gabbros. The transgressive 
Rai Kaida pluton is also evidence of late gabbro intrusion into the 
sheeted dykes. Here the irregular transgressive shape and lack of 
dykes cuttinG the pluton suggest off-axis intrusion. In other cases 
there is simply a rapid but transitional increase in the screen 
proportion, an example being the gabbro rich area, 400 m across, N of 
South Point (Fig. 1, centre of inset A). These areas cannot be 
ascribed to cabbro intrusion and Kidd et al (1978) simply suggest 
alternating zones of preferred (and excluded) dyke injection. Another 
possibility mibht be that a gabbro-rich area could indicate a period of 
increased spreading rate which would cause an upward movement of the 
crustal isotherms. This would cause a nearer-surface development of 
the magma chamber roof leading to a thinner dyke unit and a thicker 
gabbro uni~, as suggested by Cann (1974). 
Spreading rate 
The vertical thickness of the sheeted dykes on Masirah is difficult 
to estimate because an unfaulted vertical transition into the cumulates 
of the north of the island is not seen. In the main complex an average 
dyke dip of 830 and a minimum width perpendicular to strike of 15 km 
( suggests a minimum thickness of 1.8 km down to a level where there is 
still 59 percent dykes. This is thicker than the Semail dyke unit (1 km), 
which fIJ83 again suggest two different ridge systems, but comparable to 
that on Troodos (""" 2 km), which is suggested to have been generated 
at a slow-spreading ridge (Smew1ng, et al., 1975). The combined dyke-
lava thickness of approximatelJ- 3.5 km is again similar to Troodos, 
- 108 -
thicker than the Bay of Islands, NC'vlfoundland, and similar to the 
Semail bccau5e of thic1<:cr lavas there (Christenson and Salisbury, 
1975). Cann (1974) succested on theoretical crounds that slower 
spreadinc would encoura,ce a thicker dyke unit and a wider zone of 
intrusion. On J.:asirah, thc vertically thick dyke unit, the common 
plutonic screens within it, the lack of dyke one-way chilling 
(Hoores and Vine, 1971), extensive serpentinite intrusion along major 
faults in the ophiolite and the evidence of plutonic fractionation 
before intrUsion of the more enriched dykes all may qualitatively 
indicate eithcr a wide zone of intrusion an~or a slow spreading 
rate. It is arcued e1sc\"rhere (Abbotts, in press) that the low Ti02 
contents (0.46 - 1.60 percent) of these dykes are the result of the 
nature, extent and timing of fractional crystallisation and not 
necessarily indicative of the former spreading rate (c.f. Nisbet 
and Pearce, 1973). The averaee dyke thickness is approximately 50 cm 
and if a slow half sprcading rate of 1-2 cm/yr is assumed, an averaee 
intrusion rate of 1 dyke every 12.5 - 25 years is indicated. Though 
obviously simplistic the figure gives some impression of the geologically 
rapid rates of macma supply at ocean-ridge systems. 
Correlation with sonobouy studies of modern ocean crust 
Correlation with the sonobouy model 2 of Christensen & Salisbury 
(1975. 1978) Bugcests that the basal high velocity part of layer 3 
corresponds to the picrites, troctolites and olivine gabbros on 
Masirah, the lower velocity part of layer 3 to the combined olivine-
free gabbros and overlying dykes, and the lavas to layer 2. The 
• 
estimated lava thickness of 1.75 Jon compares well with the model. 
The vertical thickness of gabbro, troctolites and picrites cannot be 
measured accurately though thcre is a minimum of 2 km present in the 
north. UsinC this value the minimum dyke and gabbro thickness is 
3.8 Jon which compares with the model layer 3 value of about 5.5 kma 
Plate 4. 1 
(a) Lower levels of the sheeted dyke complex with dark 
metadolerite dykes intrusive into pale coarse uralitized 
gabbro. Part of the transition from sheeted dykes to 
(b) 
gabbro (P. 94 ). 
South Point FT720330. 
Thick metadolerite dyke between two screens of uralitized 
gabbro in the sheeted dyke complex. 
NE of South Point FT745350 
Plate 4.2 
(a) Upper levels of the sheeted dyke complex with 100% 
metadolerite dykes. The absence of screens makes 
individual dykes difficult to distinguish. They are 
here sub-vertical and strike perpendicular to the 
plane of the photograph. 
(b) 
N. of Haql FT885540 
Sheeted dyke complex. Dark metadolerite dykes alternate 
with pale screens of gabbro. 
Ras Kaydah FT450830 
Plate 5. 1 
(a) Rassier GTOl57l0 
(b) SE of Al Quarin FT500775 
Details of pillowed flows in the red pillow lava unit. 
Individual pillows are 30-120cm in diameter (P 126 ). 
Pla te 5.2 
Vertical thinly-bedded marls. 
These are intercalated with 
pillowed flows at the top of 
lava unit (see description on 
P 91 ). 
Ras sier GT015710 
)~ 
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CHAPTER 5 
HASlRAH OPIIIOLITE SHEETED DYKES AND PILLOt,.,' LAVAS: GEOCHEHICAL EVlDE,\CE OF TilE 
FORMER OCEAN RIDGE ENVIRONMENT 
I. Abbotts 
Department of Gcological Sciences, University of Birmingham, Birmingham. B 15 2TT 
Abstract \ 
1 I 
, I 
I 
c 
The island of Masirah is composed of a fully-developed, late-Mesozoic, ophioli-~ 
in which are exposed.extensive tracts of regularly-trending, sheeted-dyke complex 
and associated pillow lavas. These upper ocean-crust rocks have been subject to a 
hydrothermal constructive-margin metamorphism, which has had profound effects on 
their major and alkaline-trace element geochemistry. Minor, trace and rare-earth 
element characteristics suggest: (1) the involvement of extensive magma-chamber 
fractional crystallisation in the development of their chemistry (2) their origin 
at a former spreading centre, though whether mid-ocean or marginal basin cannot 
be constrained by their geochemistry alone. 
Introduction 
Most earth scientists now accept that the more complete ophiolite suites 
represent fragments of oceanic lithosphere. Problems remain however in assigninb 
individual ophiolites to a mid-ocean ridge, small marginal basin or early island 
I 
I 
I 
, ! 
arc environment of generation. A geochemical study of sheeted dyke- rocks and pillo, 
lavas from t-tasirah Island has been made to attempt to define their tectonic en-
vironment of generation and the intrusive processes involved. 
GEOLOGICAL SETTING OF THE MASIRAH SHEETED DYKE-PILLOW LAVA SEQUENCE 
Masirah IslAnd is largely COmprised of an ophiolite complex, probably of Upper 
Cretaceous age (Glennie et aI, 1974), composed of serpentinized harzburgites, ultra 
mafic, mafic, and local plagiogranite plutonics, extensive sheeted dyke complex 
outcrops and pillow lava-sediment sequences (Abbotts, 1978a). Unconformable 
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Tertiary (Eocene?) limestone, locally overlying the ophiolite, and one area of later 
granite intrusion (Abbotts, 1978b),complete the geology of this dominantly ophiolitic 
island. To the W the ophiolite complex is bounded by a 5 Km wide vertical mel~nge 
belt, of N-S trend, which has been interpreted as a transform fault in origin and 
which aided ophiolite emplacement by providing a weak suture in the oceanic litho-
sphere (Moseley and Abbotts, 1978). Some disruption of the plutonic levels, which 
outcrop in the N of the island, occurred during emplacement but the original upper 
ocean crust stratigraphy is largely preserved in the centre and south (Abbotts 
1978a). There is exposed a sequence of red pillow lava-sediment passing down into 
green pillow lav~ with rare dykes, into metadolerite dykes with green pillow lava 
screens, into 90-100 per cent dykes and finally into dykes with incteasing prop-
ortions of plutonic screens (Fig. 1). Near-vertical red pillow lava-sediment occurs I 
in a narrow ENE-WSW belt which cuts the northern plutonics. These were almost 
certainly tectonically incorporated. 
The plutonic sequence comprises dunites, mela to leuco-olivine gabbros, 
diopsidic gabbros and leucogabbros, a late pegmatitic gabbro-facies and rare 
tonalites and trondhjemites. The fractional crystallisation sequence was chromite + 
olivine, olivine, olivine + plagioclase, olivine + plagioclase + diopside and then 
plagioclase + diopside. Ore minerals made an insignificant contribution through-
out and only in the late stages were Fe-Ti ores and hornblende precipitated. The 
plutonic-dyke transition shows complex structural and age relationships interpreted 
by Abbotts (1978a) as gabbro underplating at the roof of the magma chamber(s), 
contemporaneous with dyke escape and upward injection, this latt~r decreasing in 
frequency in proportion to the thickening gabbro unit (c.f. Dewey and Kidd, 1977). 
Serpentinised harzburgite occurs along the length of the melange, where it is 
probably diapiric in origin (Moseley and Abbotts, 1978), and along major tectonic 
lines through the ophiolite. Only at Ras Al Ya (Fig. 1) does it occur as a con-
formable floor to the cumulate succession. 
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FIG. 1. Geological map of Masirah Island showing the distribution of the 
main lithologies. Most of the dyke and lava samples came from 
the southern sheet d dyke comp l ex an d entral pillow lava belt. 
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Sheeted dyke complex outcrops with a regular ENE-WSW trend and steep southward dip ~ver 
225 Km2 of the island (Abbotts 1978b). It has a minimum vertical thickness of 
1.8 Km while the overlying lava sequence adds a further 1.5 Km. Dyke samples come 
largely from the main southern and central exposures (Fig. 1) though 4 were collected 
from large blocks incorporated in the western transform melange. Lava samples were 
taken predominantly from the main central lava belt but also from the northern 
tectonic belt and again from melange blocks. 
PETROGRAPHY AND METANORPHISM 
The lavas, dykes and upper gabbros show evidence of zeolite - greenschist -
low amphibolite metamorphism effective approximately to the base of the dykes, 
below which occur fresh plutonics. This has been interpreted as constructive 
margin metamorphism induced by the high geothermal gradient and hydrothermal circu-
lation (Abbotts 1978a). The dykes show evidence of the highest grade of meta-
morphism and their uniform mineralogy consists of plagioclase with strong metamor-
phic zoning (An70 - An20), clinopyroxene relicts within ubiquitous secondary am-
phibole (actinolite + actinolitic hornblende), reequilibrated Fe-Ti oxides and 
occasional sphene. Both they and the lavas are commonly either aphyric or plagio-
phyric but olivine or diopside occasionally accompany plagioclase as phenocryst 
phases. The lava groundmass usually consists of relatively fresh plagioclase laths 
in either a chlorite-(actinolite)-ore matrix (green pillow lavas) or a zeolite-
haematite-calcite-smectite matrix (red pillow lavas). Details of the metamorphism 
presented elsewhere (Abbotts, 1978a) suggest a geothermal gradient of approximately 
DYKE AND LAVA CHEMISTRY 
1. ANALYTICAL TECHNIQUES 
44 dyke and pillow lava samples were analysed for 21 major and trace elements, 
one dyke was included in 6 samples selected from the ophiolite for REE analysis and 
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the mineral chemistry of the modally important dyke mineral phases were determined 
by electron micropr?be. The major and trace element analyses were carried out on 
a Philips PW 1450 automatic X-ray fluorescence spectrometer using 46mm diameter 
powder pellets. In addition a selection of samples were analysed using a fusion 
bead technique to overcome major element problems of absorption and mineralogical 
effect. Details of spectrometer conditions, calibration methods, machine precision 
and accuracy can be found in Tarney et al (1978 in press). REE analyses were carrie( 
out by INAA following the methods of Hertogen and Gijbels (1971) and using a low 
energy photon detector with the ocean basalt BOB-l as a reference standard. Agree-
ment of La and Ce results with those of )kay fluorescence were good. Mineral phases 
were analysed on a Cambridge Hicroscan 5 electron probe microanalyser at Leicester 
University. The X-ray intensities were converted to oxide percentages using a 
modified version of the Magic IV programme (Beaman and Isasi, 1970) which corrects 
for dead-time, atomic number, absorption and fluorescence. Representative whole 
rock analyses are presented in Table 1, selected to cover the full Zr range of the 
rocks and set out in order of increasing Zr. 98 plutonic samples were also analysed 
and Table 2 shows representative plutonic analyses compared with the means of the 
lavas and dykes and with 4 basalts from different tectonic environments. 
2. NAJOR AND TRACE ELEHENT l-IOBILITY IXJRING OCEAN RIDGE NETAMORPHISM 
The Hasirah ophiolite has been subject to a zeolite - greenschist - low amphi-
bolite metamorphism, at or near the former ocean ridge, with the metamorphic peak 
in the dyke unit (Abbotts 1978b). It is important to appreciate the affects of 
this metamorphism before considering the genetic implications of the rock chemistry. 
An additional complication is the original large variation in the plagioclase: 
clinopyroxene modal ratio. The affect of this is illustrated by the chemistry of 
dyke NA 424 which contains 50 per cent plagioclase phenocrysts and has high AI, Ca 
and Sr and low Fe, Mg and Y levels. For reasons adequately stated elsewhere (e.g. 
Weaver et aI, 1972; Tarney et aI, 1977) Zr has been shown to be useful as an index 
I 
i 
i 
i 
, i 
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MASIRAH OPHIOLITE REPRESENTATIVE DYKE AND LAVA ANALYSES 
Table 1. 
METADOLERITE DYKES I GREEN PILUM LAVAS I RED PILL<J..1 LAVAS 
Sample MA248 MA4241 MA366 2 MA2063 MA236 MA183 X176* X330S X3264 MA4006" X245PII 7 MA422 8 
Si0 2 48.91 48.12 46.52 47.62 49.07 48.52 50.51 49.41 47.79 47 • .30 47.38 47.66 Ti0 2 0.46 0.50 0.69 0.91 1.1S 1. 34 1.40 1.05 1.08 0.83 1.04 1. 74 
A1203 13.S8 19.92 18.45 16.10 13.64 14.28 13.85 13.71 15.51 14.38 16.34 12.10 
tFe 203 9.55 6.59 7.97 9.20 9.47 9.39 9.25 9.59 9.72 8.26 9.22 9.44 MgO 9.98 7.62 8.68 9.43 10.09 11.52 10.17 9.18 8.59 7.04 4.48 7.78 
CaO 13.42 14.51 13.25 11.92 12.64 11.40 8.34 10.44 10.12 15.34 12.73 9.83 
Na30 2.39 2.10 2.18 2.19 2.48 2.29 2.34 3.42 3.62 3.11 4.12 3.67 K2 0.12 0.26 0.07 0.08 O.ll 0 .. 11 1.88 0.25 0.86 0.36 0.92 1. 57 
P205 0.09 0.05 0.08 0.09 0.14 0.16 0.17 0.09 0.01 0.08 0.11 0.26 TOTAL 99.38 99.66 97.88 97.68 98.91 99.17 98.04 97.10 97.34 96.68 96.53 94.06 
.... 
Trace elements in ppm .... w 
Cr 274 195 323 332 409 426 188 40S 364 344 321 170 
Ni 83 67 119 192 98 169 80 139 129 102 52 82 
Zn 22 16 25 62 22 36 20 131 53 56 54 68 
Ga 17 16 14 IS 16 16 17 14 17 16 14 18 
Rb 2 2 21 12 12 14 12 15 
Sr 135 254 120 211 193 202 369 172 273 181 132 148 
Y 19 11 18 22 22 25 24 26 25 20 24 27 
Zr 34 4S Sl 70 87 115 133 63 74 S7 67 161 
Nb 5 7 3 6 9 13 12 4 4 6 27 
Ba 29 37 29 160 29 80 268 68 146 40 31 20 
La 2 2 3 3 6 7 3 4 4 S 16 
Ce 7 4 6 IS 13 17 22 7 9 8 13 34 
Note: tFe203 = total iron 8S Fe 203; - = below lower limit of detection; * = dyke outcrop in melange belt 
1 = p1agiophyroc, phenocrysts = SO%; 2,3 = p1agiophyric (2,0) phenocrysts = 15(5)%); remainder of'dykes aphyric 
4 = plagioclase (9%» olivine (1.2%)+ clinopyroxene (1.7%) phenocrysts; 5 aphyric 
6,7,8 = p1agiophyric (6 a 21.5% phenocrysts) 
Table 2. 
PLUTO NICS MEAN MEAN GREEN MEAN RED MEAN OCEAN 1 ISLAND ARC 2 MARGINAL BASIN BASALTS 
LAU BASIN3 sauro SANDWI0i 4 Samj21e X335 M\238 XZ47 DYKE(22*) PILLOW LAVA(32 PILLOW LAVA (19 2 RIDGE BASALT THOLEIITIC BASALT 
Si0 2 44.07 48.53 47.36 41.84 TiO Z 0.08 0.22 0.24 1.08 
Al 203 12.90 16.82 21.59 14.73 
tFe 203 6.47 5.23 5.29 9.57 HgO 21.72 12.19 8.63 10.20 
CaD 12.43 15.56 14.72 11.85 
Na20 1.04 1.89 2.31 2.21 
K20 0.02 J.08 0.06 0.26 P205 :>.01 0.01 0.11 
Trace elements in ppm 
Cr 1729 909 371 313 
Ni 546 180 97 102 
Zn 21 21 20 40 
Ca 8 15 19 16 
Rb 1 1 2 
Sr 65 169 255 197 
Y 5 4 22 
Zr 2 14 21 79 
~b 1 8 
Sa 4 24 25 72 
La 1 2· 3 4 
Ce 2 3 1 12 
Th 
~: * ~ number of samples used in mean 
- - below lower limit of detection 
nd = not determined 
X335 ~ me1a-olivine gabbro 
NA 238 - pyroxene gabbro 
X247 = pyroxene leucogabbro 
48.50 
1.04 
15.19 
9.34 
8.88 
9.81 
3.27 
0.97 
0.03 
361 
122 
226 
16 
13 
219 
25 
68 
3 
180 
3 
7.7 
Taken from 
Saunders et al 
(1978) in 
press 
47.38 49.21 51.38 48.8 50.24 
1.09 1.39 0.57 1.2 1.64 
15.66 15.81 18.25 16.4 14.41 
8.87 10.20 10.13 9.7 9.74 
5.81 8.53 6.13 8.6 7.99 
12.78 11.14 11.81 12.6 11.01 
3.67 2.71 1.81 2.4 3.44 
1.03 0.26 0.26 0.18 ·0.42 
0.11 0.15 0.02 0.08 0.17 
282 296 43 387 269 
73 123 24 173 67 
54 122 nd 68 69 
16 18 18 nd 16 
14 5 5 2 6 
219 123 105 118 214 
23 43 nd nd 30 
81 100 55 nd 129 
8 5 nd nd 8 
79 12 28 34 77 
6 nd nd nd 9 
19 nd nd nd 18 
2 nd nd 1 
1 = Average MOR-basalt value (Engel, et a1 1965, Hel son and Thompson 
1971, Erlank and Kable 1976). 
2 = Sample SSV9.1, porphyritic basalt from the South Sandwich Islands 
(Baker, 1978). 
3 = Average of 11 least al tered basal ts, Lau Basi n (Hawkins t 1976). 
4 - Average of dredge 23, South Sandwich spreading centre 
(Saunders and Tarney, 1977). 
.... 
.... 
~ 
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of fractionntion and thus indirectly of element mobility. Zr shows a rant,E' from 34 
to 161 ppm in the combined dykes and lavas and has a similar range, and mean value 
in all three lithological units of dykes, green pillmy lavas and red pillow lavas. 
(Tables I and 2). This simi larity of Zr and other incompatible element levels suppor t 
the field evidence presented elsewhere (Abbotts 1978a) that the dykes and lavas are 
comagmatic. In view of this the levels of the incompatible alkaline elements K 
and Rb (Tables 1 and 2) are informative. These suggest leaching from the dykes, where 
Rb is frequently below the lower limit of detection, and/or addition in the upper 
crustal levels represented by the red pillow lavas. The affect is probably due to 
the circulating hydrothermal fluids near the ocean ridge and a similar cause and 
affect are noted in the Chilean Sarmiento Ophiolite by Saunders et al (in press 
1978). Sodium shows similar evidence of mobility with mean values of 2.21 per cent, 
3.27 per cent and 3.67 per cent in the dykes, green pill~w lavas and red pillow 
lavas respectively. The "normal" ocean basalt levels in the dykes suggests a 
process largely of sea-water - induced enrichment in the upper crustal levels. Ba, 
and to an even greater degree Sr, show weak positive correlations with Zr indicating 
increasing metamorphic stability, as noted by Tarney et al (in press 1978). 
However occasional anomolously high Ba levels do occur. The Sr correlation is 
obscured by a modal affect whereby strongly plagiophyric rocks have higher Sr 
levels. The stability of Sr is probably due to its location in the rnetamorphism-
resistant calcic plagioclase though the resulting modal control causes some scatter 
in the correlation. 
The major elements AI, Ca, Fe -and Ng and the minor compatible elements Ni and 
Cr scatter widely against Zr, partly as a result of modal variations and partly 
due to secondary mobility. Mg shows a progressive and substantial decrease in the 
green and red pillow lavas suggesting loss from the higher crustal levels. These 
affects, in conjunction with the evidence of alkali mobility, suggest extreme care 
with the use of Fe/Ng ratios, AFN diagrams and normative plots in the study of 
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ophiolitic rocks. 3+ 2+ . Fe IFe was not determined because of the susceptibility to 
alteration and for CIPW norm calculation an artificial ratio of Fe 3+/Fe 2+ + Fe 3+ = 
0.15 was assumed. Even with this standardization the scatter on Fig. 2., particu-
larly in the lavas, shows the considerable affect of major element mobility. The 
lavas all appear undersaturated and plot as far as the Ne-Di boundary. This is 
believed to represent not a primary characteristic but to reflect their secondary 
enrichment in alkalies and loss of Mg. The 3 green pillow lavas, which occupy an 
intermediate dyke-lava position in the crust, are the least undersaturated of the 
lavas and just plot into the ridge-basalt field, confirming this conclusion. A 
similar affect is obvious in the Afl1 diagram (Fig. 3) where the dykes plot largely 
into the ridge-basalt field but the lavas are displaced significantly towards the 
alkali apex. The fresh plutonics, plotted for comparison, show a wide scatter due 
~o large variations in the plagioclase: clinopyroxene modal ratio. These two 
affects, of modal variation and secondary mobility, cause a low-lying AFM trend and 
only limited evidence, predominantly within the dykes, of tholeiitic iron-enrichment. ,,' 
SiO varies from 44 to 51 per cent in the dykes and lavas and shows no correlation 
2 
with Zr or evidence of increase by differentiation. In addition there is none of 
the extensive Si02 metasomatism seen in the Troodos ophiolite and the mean Si02 
value of 47.7 is low, even for ocean tholeiites. The elements Ti, P, Nb, Ce, La 
and, to a lesser extent, Y exhibit good positive linear correlations with Zr (Figs. 
4-9) largely confirming the findings of previous workers (e.g. Pearce and Cann, 1973; 
Floyd and Winchester, 1976; Tarney et aI, 1977) that they are stable during meta-
morphism to amphibolite grade. 
NINOR, TRACE AND RARE-EARTH ELE~lENTS 
A plot of Ti02 v Zr (Fig. 4) shows a good positive correlation wi th the develop-
ment of a curvilinear relationship, a feature noted in other basalt suites (Tarney 
et aI, 1978 in press). The Masirah dykes and lavas show a strong curvature and 
thus reach lower Ti02 levels than many basalts (Fig. 4, inset). The discrimination 
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fields of Pearce and Cann (1973) have been placed on Fig. 4 and slightly favour an 
ocean floor origin. 
Y levels are low in the dykes and lavas and show no significant correlation with 
Zr contents (Fig. SA). Fig. 5B shows that Y correlates slightly better with Al 0 2 3 
than with Zr. This suggests that Y-Zr scatter is largely due to variations in the 
original plagioclase: clinopyroxene modal ratio, caused by the variable plagioclase 
phenocryst content (0-50 per cent). The appropriate Y partition coefficients, 
interpolated from Schnetzler and Philpotts (1970) and assuming KDY = KDDY , are 
plagioclase = 0.06, diopside = 0.21, augite = 0.68. The variation from the aphyric 
MA 248 to MA 424 with 50% plagioclase phenocrysts, causing a clinopyroxene decrease 
from 50 per cent to 30 per cent of the mode, is sufficient to explain the decrease 
from 19 to 11 ppm Y (Table 1). 
The original dyke mineralogy consisted of plagioclase + clinopyroxene + Fe-Ti 
ore + olivine. In contrast to Y, which would be largely accommodated in clinopyroxene 
Ti02 is found mainly in the ore phase (31-62% TiQ2) which is always present as a 
small percentage of the mode (2-3%) and less significantly in the clinopyroxene 
phase (0.3 - 0.9% Ti0 2). Thus while Y is dependant on the modal plagioclase: clino-
pyroxene variation, Ti02 is also determined by the more constant ore phase and 
correlates well with Zr. The lavas, fine-grained and extensively altered, were not 
probed and it can only be suggested, because of co-geneity, similar liquidus phases, 
etc, that they might similarly be explained. The dykes and lavas plot largely in 
the ocean floor basalt field of Pearce and Cann (1973) in Fig. 6. Phosphorous and 
Niobium exhibit a good positive correlation with Zr and P v Zr is plotted in Fig. 7. 
The good correlations follow previous conclusions that these elements behave in-
compatibly during fractionation in basalt systems and are immobile in metamorphism 
to amphibolite grade. The tholeiitic nature of the rocks is indicated on Fig. 7 
using the discrimination lines of Floyd and Winchester (1975). 
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The light rare earths Ce ;md La show posi tive linear correlations wi th Zr, and 
Ce v Zr is shown in Fig. 8. This shows substantially less scatter than the corres-
ponding Y plot (Fig. 5) probably because the LREE will be located in both the clino-
pyroxene and the fresher plagioclase phase and thus modal plagioclase: clinopyroxene 
variation will not affect its abundance. Consideration of Ce and Y abundances can 
give an insight into REE behaviour (e.g. Tarney et aI, 1977; Saunders et aI, in press) 
However the Y scatter does suggest care in this approach. The more primitive dykes 
and lavas (Zr = 34 ~ 5l.ppm), excluding those highly plagiophyric dykes such as 
MA 424; have Ce/YN ratios of 0.5 - 0.9 at Y levels of 9 - 12 x chondrite while the :! 
more enriched rocks (Zr 114 - 161 ppm) have ratios of 1.3-3.0 at Y 10 - 14 x chondrite 
Though the broad ranges may be due to modal (? and mobility) effects, a positive 
correlation of Zr content and LREE enrichment is evident. 
The chondrite-normalised REE patterns of dyke MA 183 (Zr = 119 ppm) and 4 
gabbros of varying Zr content are shown in Fig. 9. All show approximately parallel 
and smooth patterns suggesting derivation from a similar source and there is a trend 
within the gabbros of increasing LREE enrichment with increasing overall REE abund-
ance. Thus CeN/YbN values are 2.22, 2.43, 3.55 and 4.71 respectively. 
DISCUSSION 
The curvilinear relationship between Ti02 and Zr suggests either that Ti0 2 was 
retained in the mantle at lower levels of partial melting of the upwelling astheno-
sphere or that plutonic fractional crystallisation progressively removed Ti02 from 
the melt which was periodically tapped to form the dykes and lavas. The gabbros 
show a trend of increasing LREE enrichment with increasing Zr and total REE levels. 
These two observations suggest the involvement of clinopyroxene in the fractionation 
history of these rocks bec8u se of the affinity of tha t pha se for both the HREE and 
Ti02 and because it is believed to occur as an early-melting mantle phase and is 
important in the Masirah fractional crystallisation sequence. This presents the 
problem of whether the fractionation occured during the partial melting or fractional 
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crystall isation processes. Fie ld and petrographic observations provide some su ppor t 
for the latter alternative. The occurrence of plutonic screens within the dyke unit, 
more common in their lower levels, and a minimum of 2 KID of plutonic rocks below 
the dykes suggests both the presence of ridge magma chamber(s) and crystallisRtion 
of roof gabbros in the manner of Dewey and Kidd (1977). It has been suggested 
elsewhere (Abbotts 1978a) that dyke intrusion occurred contemporaneous with such 
gabbro 'underplating' until the thickness of roof gabbros inhibited the intrusion 
of further dykes and the outer limit of active dyke intrusion was reached. Such a 
process provides the only satisfactory explanation of outcrops with dyke: screen 
ratios which vary from 100:0 to 0:100 in a downward direction. 
Hicroprobe studies have been made of the important mineral phases of the dykes 
and the plutonic sequence. The plutonic phases, diopside (Fs 5.1- 13.9)+ calcic 
plagioclase (An 83-85) ± forsteritic olivine (Fo 80-87), and the low incompatible 
element levels of these rocks (e.g. Table 2: X355, MA 238), confirms their cumulate 
origin. Church and Riccio (1977) in the Bay of Islands ophiolite used cumulus 
phase compositions and known solid-liquid ~ values to calculate features of the 
magma chambers liquids from which the gabbros crystallised. A similar procedure ~as 
followed with the Masirah rocks and is illustrated. in Fig. 10 where the determined 
clinopyroxene-liquid ~ of 0.24 compares favourably with a value of 0.237 determined 
b¥ the above authors. The common problems with this work, of unjustified assumption 
of equilibrium crystallisation or accuracy of ~ values (in this case ~ olivine-
liquid = 0.3) are minimized because (1) phase compositions are being used to 
determine the liquids from which they crystallised and not in conjunction with their 
present whole rock compositions and (2) for the broad conclusions made here, small 
errors in the assumed ~ are not significant. From Figure 11 it can be seen that 
the dyke FeO/NgO ratios (0.59 - 1. 28) are encompassed within, and fall at the lower 
end of, the deduced FeO/MgO range of the liquids from which the plutonics crystall-
ised (0.69 - 2.29). Thus the AFM diagram (Fig. 3) shows only limited overlap of 
FIG.10. Diagram after Church and Riccio (1977), 
illustrating the range in FeO/MgO weight ratio 
of the liquids from which the Masirah plutonic 
rocks crystallised compared with the FeO/MgO 
range of the Masirah'dykes. Notel (1) the 
FeO/MgO liquid ratios were calculated assuming Kn ol-liq = 0.3 (Roeder and Emslie, 1970). 
(2) KD cpx-liq value of 0.24 is estimated using 
the FeO/MgO ratio of the liquids calculated from 
the composition of the coexisting olivine and 
shows good agreement with the work of Church and 
Riccio (op.cit); (3) the iron to magnesium ratio 
in the dykes is given as FeO (total iron)/MgO 
and is therefore a maximum value. 
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dykes and plutonics not because the dykes are more differentiated but becaus~ the 
plutonics comprise minerals with FeO/MgO ratios lower than the liquids from ~Iich 
they crystallised. Low Ti02 (0.2 - 0.4%) and high Cr203 (0.75 - 1.00%) levels in 
the clinopyroxene phenocrysts from the dykes and the clinopyroxene phase in the 
olivine-bearing-plutonics is further support for: (1) the equivalence of the dykes 
and the liquids from which the more primitive plutonics crystallised and (II) the 
earlier conclusions of dyke escape and roof gabbro crystallisation initially contemp-
oraneous at the top of the magma chambers. These conclusions suggest that the 
chemistry of the more primitive dykes cannot be much affected by fractional crysta-
llisation and will reflect the partial melting process. A similar deduction is 
obvious from their low Zr levels (34 - 51 ppm). 
As noted before the plutonic fractional crystallisation sequence on Masirah 
comprised: chromite + olivine, olivine + plagioclase, olivine ~ plagioclase + 
diopside, plagioclase + diopside, plagioclase + diopside (+ minor Ti-ore). The mean 
Ti02 content of 14 gabbro diopsides was 0.5% with a range of 0.2-1.0%, of which 
the lower values occur in earlier olivine dominated plutonics. In the absence of a 
Ti-ore phase in the gabbros,diopside contains virtually all of the Ti0 2• Thus during 
fractional crystallisation Zr is incompatible with respect to all crystallising 
phases but Ti02 is incorporated in the diopside phase, forming approximately 0.2-
0.3% of the early diopside but increasing to 0.6-0.8% of the later. Though more 
ibl h Z KDcpx/L i well below unl"ty ( compat e t an r, Ti s 0.3-0.4). (Pearce 1978). The 
more compatible Ti behaviour, which may increase as the pyroxene becomes more 
fractionated (Fs5 tOFs I3 •9 ), probably explains the curvilinear Ti0 2-Zr relationship 
(Fig. 4). Tarney et al (in press). suggest, that for Leg 49 basalts, such curvilinear 
relations are caused by compatible behaviour during the partial melting process. 
The evidence from Masirah, where there is control of the plutonic processes, suggests 
that fractional crystallisation can achieve the same result. 
Nisbet and Pearce (1973) recorded a positive correlation of spreading rate and 
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basalt Ti02 content but Tarney et al (in press) note a wide Ti02 range from one 
drilling station (Site 407) which, at least in part, negates the correlation. Applyir 
the correlation to these Nasirah rocks would suggest, because of their low TiO Z 
content, a slow spreading environment. This suggests the possible correlation of 
extensive fractional crystallisation with slower spreading but, in all likelihood, 
the attained Ti02 level is dependent on several factors which may include: (i) the 
degree and relative importance of partial melting and fractional crystallisation 
processes (ii) the type, order of appearance and proportions of cummulate phases and 
(iii) the relative timing of dyke intrusion and plutonic fractional crystallisation. 
It is interesting to note that several geological parameters, including the thick 
dyke unit, the common plutonic screens and the lack of dyke one-way chilling all 
suggest a wide zone of intrusion and slow spreading (Abbotts 1978a). 
The observation was made that there is increasing LREE enrichment with in-
creasing Zr content. The plutonic phases olivine, plagioclase and diopside all have 
low partition coefficients for Zr and Ce (and the other LREE's) but diopside will 
fractionate the (HREE's (and Y». Thus the patterns can be qualitatively explained by 
the plagioclase-diopside crystallisation. 
This fractional crystallisation model for Masirah is reminiscent of the frac-
tionation model developed for some ocean ridge basalts by Shido et al (1971), where 
initial olivine or plagioclase crystallisation leads to cotectic crystallisation of 
those two phases, which are then joined by clinopyroxene. 
The Zr/Ce and Zr/La ratios of approximately 4.7 and 11.5 are lower than the 
chondritic ratios of 7 and 20 possibly suggesting LREE enrichment over Zr of the 
Masirah mantle source which is a similar conclusion to that drawn by Tarney et al 
(in press) for l-iAR basalts. 
The tholeiitic nature of the Masirah lavas and dykes is shown by their low levels 
of Ti02 «1.74%), P20S «0.26%) and Zr «161 ppm), by their high Y/Nb ratios {1.0 -
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11.0), their position in the discrimination plots of Floyd and Winchester (Fib. bA 
and B) and their lack of Si0 2 enrichment with increasing FeO/MgO. 
The question has been raised (e.g. t-1iyashiro, 1973) that some ophiolites might 
represent former island arcs and not products of ocean ridge spreading centres. 
Several lines of evidence negate this possibility on Masirah. Comparison of the 
mean Hasirah dyke and lava analyses with an island arc tholeiite (Table 3) shows 
significantly higher levels of MgO, Cr, Ni and possibly of Ti02 in the Masirah rocks, 
though substantial MgO and Ni loss from the red pillow lavas render that group some 
superficial similarity. The mean Al levels are also lower than in the island arc 
basalt but the more plagiophyric dykes do range up to, and include, the latter. The 
Masirah rocks compare more favourably with the mean MORB analysis. This point is 
illustrated in the Ti v Cr discrimination plot of Fig. 11 ~hich demonstrates 'their 
ocean floor affinity. In addition, the presence of the regular, extensive, parallel, 
sheeted dykes seem more compatible with the spreading ridge mechanism. Finally there 
appears to be no geological evidence of subduction and associated island arc activity 
on this relatively passive Arabian continental margin in the late Cretaceous-early 
Tertiary. 
Accepting their tholeiitic nature and spreading centre origin, one obvious 
question to be raised is the possibility of assigning a mid-ocean or marginal 
basin environment to the dykes. A small marginal basin seems to present advantages 
as the site of any ophiolite generation: a shallow marginal sea, the sandwiched 
position' of the oceanic crust between block of continental crust, and the possibi-
lity of more bouyant mantle beneath back-arc marginal basins (Hawkins, 1976) should 
aid ophiolite preservation. Alternatively it has been suggested that Masirah may 
represent Cretaceous ocean floor generated during initial Indian Ocean opening i.e. 
at a mid-ocean ridge (Moseley and Abbotts, 1978; Abbotts, 1978a). Table 2 contains 
mean analyses of both mid-ocean ridge and marginal basin basalts. Saunders et al 
(in press) suggest that marginal basin basalts, particularly if representative of 
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early spreading, may have higher K, Rb, Ba, Ba/Sr and lower K/Rb than those from 
mid-ocean ridges. However they note that the Lau marginal basin (Hawkins, 1976) 
contains NORB-type levels of these elements whilst the enriched nature of some mid-
o 
ocean ridge basalts (e.g. 45 N) adds further problems to the discrimination. 
Unfortunately in the Masirah dykes and lavas, and most other ophiolites, the 
elements K, Rb, Ba and probably Sr have been too mobile for use in classification. 
The dyke X 176 is representative of 4 dykes which contain higher levels of K, Rb, Sr 
and Ba than the other samples with compatable incompatible element levels. They were 
all collected from large sheeted dyke outcrops at the southern end of the ophiolite 
melange and not from the sheeted dyke complex itself. Similar to the other dykes in 
other chemical aspects, including Cr, Ni and incompatible levels, they cannot simply 
represent smaller degrees of partial melting. It is possible that they represent 
melting over a short period of an enriched (? deeper) source, perhaps tapped by the 
oceanic transform along which the melange is believed to form (Moseley and Abbotts, 
1978). Alternatively a simple explanation might be secondary enrichment of these 
extreme mobile elements along a major weakness in the ocean crust which would en-
courage, and concentrate fluid movement. 
The LREE enriched nature of the Masirah magma (Fig. 9) can be modelled by low 
(~-l07.) degrees of melting of a plagioclase peridotite source and the more primitive 
dykes, with low total REE levels, low Zr and low CeN/YN, by incremental melting of 
that peridotite (Abbotts, 197Bd). The LREE characteristic is found in basalts of 
both mid-ocean ridge origin (MAR 45 0 N: Tarney et aI, 1978) and marginal basin setting 
(Sarmiento Ophiolite of Chile: Saunders et aI, 1978). 
In the present state of knowledge and considering the alkali mobility in these 
Masirah samples, the large chemical var~ation within fresh MOR basalts and their 
extensive overlap with more enriched basin basalts, it seems impossible on chemical 
grounds, to assign Masirah to either ridge environment. 
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CHAPTER 6 
EVIDENCE FOR BOTH AXIAL AND OFF-AXIS VOLCANISM IN 
THE MASlRAH OPHIOLITE 
1. INTRODUCTION 
Extensive studies have shown that the dominant rock-type 
extruded at mid-ocean ridges is an "oceanic-tholeiite" 
characterized by low incompatible element levels (e.g. Engel 
et al, 1965; Erlank and Kable, 1976). In contrast, many of 
the oceanic islands situated on the flanks of these ridges 
comprise central volcanoes extruding a more enriched alkali 
olivine basalt to trachyte series (e.g. Baker, 1969; Bonatti 
et al, 1977). 
The Masirah Ophiolite contains three volcanic groups, 
each with distinctive field-relations, petrography and 
geochemistry. The first group consists of pillow lavas which 
are clearly comagmatic with the extensive sheeted dyke complex 
(Abbotts, 1978b and c). These are volumetrically much the 
most important and are termed the Axis Sequence pillow lavas, 
following the terminology used in the Troodos Complex (Gass 
and Smewing, 1973). The second group is here called the 
Melange Lavas and occurs only as tectonically-isolated blocks 
within the major melange zone which runs the length of the 
islands west coast (Fig.l). This structure may represent an 
on-land exposure of a major transform fault (Moseley and 
Abbotts, 1978). Finally, the Shinzi Volcanic Group forms a 
fault-bounded inlier within the tectonically disrupted lower 
crustal levels of the ophiolite (Fig.l). 
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All three groups have been metamorphosed at zeolite 
grade, locally reaching lower greenschist in the Axis Sequence 
lavas, and all are strongly weathered. However it has been 
demonstrated that selective geochemical study of such metabasalts 
can provide useful information on their former tectonic 
environment (Pearce and Cano, 1973; Pearce, 1975). In this 
context, the Melange and Shinzi groups are compared with the 
Axis Sequence lavas, whose chemistry has previously been 
discussed (Abbotts, 1978c), in an attempt to define their 
place of origin. 
2. TECTONIC SETTING 
Masirah Island is located 24 km off the Oman coast, on 
the NW margin of the Indian Ocean. Recent work (Abbotts, 
1978 a, b, c) has described the relationships of a fully-
. . 
developed ophiolite complex composed of serpentinised mantle 
peridotites, cumulate and massive gabbros, which are transitional 
into extensive sheeted dyke outcrops and an upper, pillow lava-
sediment, sequence (Fig.l). Unconformable Lower Tertiary 
limestone overlies the complex whilst associated Lower to Mid-
Cretaceous sediments (Glennie et aI, 1974) may represent the 
approximate age of the spreading episode which produced it. 
There are two alternative origins for the ophiolite. It 
may have been generated in a small ocean basin to the NE of 
Arabia, possibly the same one as that of the more studied Oman 
Ophiolite (Carney and WeIland, 1974; Allemann and Peters, 1972), 
or it could have formed during spreading at an early Indian 
Ocean Ridge (see Abbotts, 1978b). 
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3. GEOLOGY OF THE VOLCANIC GROUPS 
3.1. Axis Sequence Pillow Lavas 
These are everywhere pillowed, no massive flows or evidence 
for sills was seen. There is a transitional downward sequence 
from red pillow lavas to green pillow lavas cut by occasional 
dykes to sheeted dyke complex. This correlates with a downward 
increase in metamorphic grade from zeolite facies in the red 
pillow lavas to low greenschist in the green lavas and is 
described elsewhere (Abbotts, 1978b). Toward their top the 
red pillow lavas are intercalated with, and then appear to be 
covered by, up to 20 m. of thinly-bedded marls and marly 
limestones. 
Pillows, and rarer bolster shapes, have diameters ranging 
from 30-180 cm, averaging 70 cm, which seems typical for 
tholeiitic lava erupted into water (Dimroth et al, 1977). 
Occasionally brecciated hyaloclastic developments are seen. 
It is difficult to assess flow dimensions but N. of Macula 
(Fig.l) erosion has produced a series of steps in the pillow 
lavas, on an 8-10 m scale, which may reflect individual flow 
thickness there. Previous work (Abbotts, 1978b) estimated an 
approximate total lava thickness of 1.5 km, which compares 
with an average of 1 km' and range of 0.3-6.0 km, for recorded 
ophiolites (Coleman, 1977). 
3.2. Melange Lavas 
The ophiolite is bounded to the west by a major melange 
zone which has a minimum width of 5 km and is composed of a 
chaotic mixture of blocks of all of the ophiolitic lithologies, 
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often set in a serpentinite matrix (Moseley and Abbotts, 1978). 
The zone cross-cuts all the ophiolite units, with a trend 
which is almost perpendicular to that of the sheeted dykes, and 
the actual steep contact is marked by extensive shearing. 
Along the length of the melange there occur blocks of shallow-
water marine limestone, dated as Mid-Cretaceous (Glennie et aI, 
1974), which are not seen outside the zone. These are 
particularly common in the south where they range up to 2 km 
in length, with an elevation of 100 m. Occasionally primary 
bedding is visible, but usually the blocks are extensively 
brecciated and recrystallised, having a "marble"-like appearance. 
The limestone blocks frequently sit on the basaltic 
substrate of the Melange Lavas. These are often sheared or 
brecciated but infrequently pillows are visible on a 30-60 cm 
scale. Occasionally low-lying areas of red radiolarian cherts 
outcrop in close proximity to the limestone-lava association. 
In the south of the melange there are blocks both of red 
pillow lavas and of sheeted dykes which are very similar in 
field appearance to those of the Axis-Sequence, except for an 
increased degree of internal brecciation. 
3.3. Shinzi Volcanic Group 
The volcanics at Shinzi occupy an area of 2.5 sq.km. They 
include (1) pillowed basalt flows, which are cut by narrow 
( < 50 cm) basaltic dykes, (2) structureless fine-grained 
exposures which may represent thicker massive flow-units; 
(3) areas composed of 2-6 m. thick basaltic sheets, which 
o possess dips of 40-50 in various directions, and may be parts 
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of an irregular dyke swarm. Occasionally these are more 
felsitic in appearance. The complexity of the area contrasts 
markedly with the simpler pillow lava-sheeted dyke relationships 
of the Axis sequence, perhaps suggesting an origin at other 
than the tensional spreading axis. 
4. PETROGRAPHICAL CHARACTERISTICS 
4.1. Axis sequence pillow lavas 
These basalts are always plagiophyric, plagioclase 
phenocrysts forming 5-30% of the rock mode, whilst approximately 
30% also contain olivine (~ chromite) phenocrysts and 10% 
. 
clinopyroxene. The plagioclase is quite calcic (An85), with 
minor rim zoning (An85-80), suggesting equilibrium growth and 
rapid extrusion. Olivine is always pseudomorphed by calcite-
serpentine or chlorite-actinolite combinations. It has been 
suggested that plagioclase dominance amo~gst the phenocryst 
phases, when olivine and/or clinopyroxene were coexisting 
liquidus phases in the magma chamber, may reflect the relative 
bouyancy in a basaltic liquid of that phase (Abbotts, 1978d). 
The pillows show a clear zonation from dark devitrified glassy-
margin through an outer zone with quenched plagioclase 
microlites to a ho10crystalline, frequently sub-ophitic, core. 
An original plagioclase-pyroxene-ore groundmass is largely 
replaced by the assemblages of zeolite-haematite-calcite_ 
smectite (red pillow lava) or chlorite + ore ~ actinolite 
(green pillow lava). The plagioclase laths however are 
relatively fresh. The lavas are frequently veined by calcite, 
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less commonly by quartz, epidote and chlorite. Occasional 
small ( < 0.75 mm) vesicles form up to 5~ of the lavas and 
are infilled by calcite, zeolite or smectite. Previous 
studies (Abbotts, 1978b) suggest that the metamorphic 
assemblages were probably developed during spreading centre 
hydrothermal circulation under a geothermal gradient of 170-
200oC/Km. 
4.2. Melange Lavas 
These lavas are either aphyric or contain occasional 
( < 5%) plagioclase microphenocrysts; clinopyroxene occurs as 
a very rare liquidus phase. Groundmass textures are either 
vitrophyric, with quench microlites, or dominated by a fluidal 
alignment of fine plagioclase laths. In addition to plagioclase, 
oxidised opaque grains and. an altered ?mesos~asis complete the 
groundmass. Calcite and zeolite-infil1ed versicles are more 
common and of larger size than in the Axis sequence; they 
form up to 30% of the rocks and have diameters , 4 mm. This 
suggests relatively shallow water and/or a greater volatile 
content. The occurrence of the lava, as substrate of shallow 
marine limestone, may, indicate the former. The lavas 
frequently show evidence of brecciation in the late stages of 
solidification. 
4.3. Shinzi Volcanic Group 
These are dominantly metabasalts with similar fluidal 
textures to those of the Melange Lavas. Occasional trachytic 
varieties are pale orange-brown rocks with a groundmass of 
plagioclase laths and minor interstitial quartz. The lavas are 
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only rarely porphyritic with plagioclase, of a peculiar 
pinkish hue in hand-specimen, and rare clinopyroxene, forming 
up to 5% of the rock. Frequently the plagioclase phenocrysts 
are replaced by a quartz-epidote-calcite assemblage. 
Vesicularity varies from 0 to 25~ with an infilling of calcite 
or zeolite. Both these, and the Melange lavas have suffered zeolite 
facies metamorphism. 
5. GEOCHEMISTRY OF THE VOLCANIC GROUPS 
5.1. Analytical techniques 
34 lavas from these 3 volcanic groups have been analysed 
for major and trace elements using the University of Birmingham 
Philips pW14so automatic X-ray fluorescence spectrometer. The 
methods employed are as set out in Abbotts (1978c) and Tarney 
et al (1978). Representative analyses of the Axis sequence 
pillow lavas and analyses of the Melange and Shinzi lavas are 
set out in Tables 1 and 2. Both tables are set out in order 
of increasing Zr. 
5.2. Major and trace element mobility 
It has been demonstrated elsewhere (Abbotts, 1978c) that the 
combined effects of low grade metamorphism and extensive 
weathering of the axis sequence pillow lavas has resulted in 
extensive mobility of many of the major and trace elements. In 
line with earlier work (e.g. Pearce and Cann, 1973; Floyd and 
Winchester, 1975), it was found that Ti, P, Zr, Nb, Y and the 
REE remained relatively stable and Al, Cr and Sr were only 
Table 1 : Representative analyses of' the Axis Sequence pillow lavas 
Tab II! 1 
S.mple 
Si02 
TiO Z 
1.12°3 
tFezO, 
MgO 
CaO 
NazO 
K20 
PZ05 
CREEN PILLOW LAVAS 
X330 HAl,O 1 X326 
49.41 48.Z7 47.79 
1.05 0.99 1.08 
13.71 16.35 15.51 
9.59 8.71 9.72 
9.18 8.87 8.59 
10.44 8.86 10.12 
3.42 2.76 3.62 
0.Z5 1.81 0.86 
0.09 0.01 
99.10 96.70 97.34 
Traee e1~ot. io p.p ••• 
Cr 
NI 
Zn 
Ca 
Rb 
Sr 
T 
Zr 
Nb 
Sa 
La 
Ce 
Pb 
Th 
405 
139 
131 
14 
2 
172 
26 
63 
68 
3 
7 
3 
314 
99 
493 
16 
26 
211 
23 
66 
4 
257 
2 
8 
6 
364 
129 
53 
17 
12 
273 
25 
74 
4 
146 
4 
9 
Notel tFe 203 • total iron aa Fe203, 
RED PILLOW LAVAS 
HA400 X249 X323 HA391 HA139 HA142 X245PII 
47.30 47.87 48.29 47.90 .48.96 48.29 
0.83 0.94 0.89 0.91 0.91 0.94 
14.38 13.76 16.35 17.28 17.10 17.46 
8.26 8.82 8.79 8.81 8.31 8.39 
7.04 7.11 7.20 6.85 6.49 7.06 
15.34 13.34 12.21 12.59 12.55 12.25 
3.11 3.35 3.14 2.88 3.25 2.76 
0.36 1.06 0.89 0.87 1.07 1.01 
0.08 0.07 0.06 0.06 0.07 0.07 
96.68 
344 
102 
56 
16 
4 
181 
20 
57 
4 
40 
4 
8 
96.41 98.36 98.29 
391 
112 
60 
18 
13 
168 
22 
57 
2 
41 
4 
10 
4 
347 
95 
58 
19 
11 
153 
24 
58 
3 
22 
2 
6 
314 
83 
34 
17 
II 
206 
23 
63 
3 
49 
5 
6 
4 
98.85 
316 
98 
35 
16 
16 
227 
22 
67 
5 
36 
4 
10 
3 
- • below lower limit of deteetion 
98.42 
312 
90 
3fJ 
15 
15 
199 
21 
67 
6 
63 
3 
11 
3 
47.38 
1.04 
16.34 
9.22 
4.48 
12.73 
4.12 
0.92 
0.11 
96.53 
321 
52 
54 
14 
12 
132 
24 
67 
6 
31 
5 
13 
X245 HA448 HA440 HAlo 37 HM)I) 
48.64 47.30 45.61 43.98 45.44 
1.05 1.21 0.95 1.35 1.48 
17.06 15.00 17.85 12.06 12.85 
fJ.19 9.93 7.99 8.12 6.51) 
6.24 5.42 6.96 4.55 5.41 
12.51 11.46 10.84 17.58 16.80 
3.23 4.79 4.40 2.68 3.19 
0.51 1.02 0.56 2.30 1.97 
0.08 0.13 0.09 0.25 0.07 
98.75 96.27 
292 
67 
50 
17 
7 
208 
24 
72 
5 
51 
4 
14 
185 
53 
67 
17 
16 
225 
27 
77 
5 
26 
3 
11 
95.23 
205 
44 
50 
19 
9 
608 
16 
78 
7 
62 
4 
13 
3 
92.90 
189 
77 
53 
16 
46 
462 
20 
134 
27 
276 
15 
32 
5 
3 
94.03 
86 
81 
57 
18 
18 
388 
22 
159 
33 
314 
16 
37 
6 
HAU2 
47.66 
1.74 
12.10 
9.44 
7.78 
9.83 
3.67 
1.57 
0.26 
94.06 
170 
82 
68 
18 
16 
148 
27 
161 
27 
207 
16 
36 
" 
3 
.... 
\"oJ 
.... 
Table 2 : Table 2 
Whole-rock Sample 
analyses of the 
Shinzi Volcanics SiOl 
and the Melange 
Lavas. 
TiOl 
A1 203 
tFel 03 
HgO 
CaO 
\'I a 20 
1.
2
0 
'205 
SHINZI VOLCANICS 
XZZOAI XZ23 X22Z MA425 X222A XZ19A MA427 X2191 MA246 X220A 
47.05 
1.74 
15.41 
9.21 
5.26 
13.87 
2.25 
1.20 
0.29 
96.28 
48.40 47.12 46.41 48.15 45.30 44.55 51.18 56.47 64.82 
2.05 2.10 2.34 2.35 2.98 2.31 1.92 0.70 0.20 
13.40 13.55 14.47 13.86 12.62 12.46 14.87 13.92 16.52 
9.36 8.14 10.12 
9.02 5.91 10.42 
8.41 11.92 6.88 
3.56 3.49 3.38 
2.05 2.56 1.69 
0.32 0.45 0.72 
8.93 10.17 
6.17 7.43 
8.84 10.85 
5.70 3.77 
9.75 9.73 14.96 7.81 
4.36 
2.08 
0.48 
, 
2.30 
2.13 
0.57 
2.46 
0.91 
0.79 
3.31 
0.86 
0.72 
8.78 
5.31 
3.24 
5.18 
2.29 
0.13 
3.60 
0.14 
0.61 
7.23 
3.81 
0.02 
96.71 95.39 96.41 9~.Z8 93.12 92.99 95.43 96.02 96.94 
Trace e1emeat. ia p.p.m. 
Cr 
\'11 
Za 
Ca 
Rb 
Sr 
T 
Zr 
lib 
Sa 
La 
Ce 
Pb 
Th 
83 
62 
54 
22 
22 
448 
23 
163 
30 
225 
18 
40 
4 
264 
99 
72 
18 
22 
384 
27 
209 
44 
433 
16 
44 
5 
3 
146 
64 
63 
18 
36 
494 
26 
240 
52 
603 
16 
54 
4 
6 
126 
76 
62 
18 
27 
560 
31 
248 
56 
461 
38 
77 
6 
138 
59 
61 
18 
31 
518 
31 
213 
59 
425 
31 
67 
4 
4 
25 
26 
73 
23 
33 
272 
37 
293 
67 
471 
40 
82 
5 
10 
24 
66 
27 
30 
484 
33 
331 
86 
30 
54 
111 
13 
14 
161 
30 
11 
301 
67 
480 
69 
486 
37 
89 
Note: tFeZO). total iron as 'e203: -. below lower limit of detection 
76 
34 
29 
143 
71 
633 
85 
391 
55 
120 
11 
81 
42 
64 
37 
98 
1286 
182 
98 
101 
196 
5 
29 
MEtA>;CE LAVAS 
X346 HA352 HA356 HA354 
51.08 48.36 46.26 56.75 
2.17 1.88 2.10 2.16 
14.39 13.18 12.98 16.14 
8.61 5.98 
6.30 3.82 
7.55 
5.36 
5.48 11.92 13.33 
6.35 3.46 
2.06 5.73 
0.28 0.43 
3.39 
3.24 
0.57 
5.61 
2.01 
8.35 
3.96 
3.27 
0.76 
96.71 94.74 94.90 99.21 
186 147 
76 90 
71 52 
19 16 
19 68 
In 334 
25 26 
113 260 
34 70 
429 1303 
21 39 
41 77 
5 
3 
4 
11 
126 
54 
64 
20 
41 
258 
24 
283 
82 
513 
36 
72 
7 
12 
6 
2 
III 
23 
28 
459 
50 
396 
105 
457 
37 
106 
8 
11 
... 
VI 
N 
Open circles = Melange lavas, triangles = Shinzi Volcanics 
A : ophiolite dyk.es = filled circles, pillow lavas = crosses 
B : ophiolite dykes and lavas = dotted field. 
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moderately affected. Figure 2A. plots total alkalies v SiD
2 
and illustrates the effects of elemental mobility. The ax~s 
sequence lavas are enriched in alkalies relative to the "ocean 
floor" levels in the dykes, to the extent that they plot into 
the alkaline field of Irvine and Baragar (1972). This is wholly 
attributed to secondary enrichment (Abbotts, 1978c), a process 
which makes it difficult to interpret the apparently higher 
alkali levels in the Melange lavas. Consequently geochemical 
study here is confined to the more immobile elements listed 
above. 
5.3. A1 20 3 / Ti02 ratio of the basalts 
The A120 3 /Ti02 ratio can be used to assess the degree of 
involvement of plagioclase in the fractionation history of a 
rock (Pearce and flower, 1978). The A1 20 3 /Ti02 v Ti diagram 
(Fig.3) is taken from Abbotts (l978c), where the dyke-lava 
variation was shown to be caused largely by fractional 
crystallisation dominated by plagioclase. 
The Shinzi and Melange basalts have been added to the 
diagram and can be seen to fallon the Axis-sequence trend 
but to possess higher Ti and lower' Al20 3 /Ti02 • These effects 
can be caused either by extens1ve fractional crystallisation 
or smaller degrees of mantle partial melting. Extensive 
fractional crystallisation of the axis sequence liquids 
produced trondhjemites with 72% Si02 and Ce~YN ratios of 
~ 4 (Abbotts, 1978c). The Melange-Shinzi basalts have 
Ce /YN ratios of 4-8 (Fig.2.B) at Si02 44-50% which cannot N ' 
be linked by fractional crystallisation with the axis-sequence. 
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The suggestion is that they represent smaller degrees of partial 
melting. The limited trend within the Shinzi basalts suggests 
some plagioclase fractional crystallisation controlling their 
internal chemical evolution. This is confirmed by the low Sr 
in the more fractionated lavas (Table 2). 
5.4. Immobile minor and trace elements 
Zr is extensively used as an index of fractionation. 
Fig.4 plots the incompatible elements Y, Nb and Ti02 v Zr. 
The good correlations of these elements confirm previous 
conclusions of their stability in low grade metamorphism. The 
high levels of Zr, Nb and Ti in the Melange-Shinzi basalts 
involve only minimal overlap with the ocean-floor tholeiite 
levels in the axis sequence and are more typical of basalts 
of alkalic affinity (e.g. Floyd and Winchester, 1975). Y levels 
are similar in the basalts of all three groups and the element 
only reaches higher concentrations in the Shinzi intermediate 
volcanics. Nb is noticeably enriched in both Shinzi and 
Melange lavas so that the Zr/Nb and Y/Nb levels, of 4.0-5.0 and 
< 0.75 respectively, are typical alkali-basalt values (Pearce 
and Cann, 1973; Floyd and Winchester, 1975). High Ti02 in 
these basalts (> 2.0%) is a further alkalic trait. The 
Shinzi Gp shows a marked inflexion at 2.5-3.0% Ti02 and 250 ppm 
Zr which is probably caused by Fe-Ti ore preCipitation (Fig.4). 
The same event in the tholeiitic axis sequence liquid occurred at 
100-120 ppm Zr (Abbotts, 1978d). These early terminations of 
Fe-Ti enrichment probably reflect high H20 content in the 
magmas (Saunders et aI, 1978). The enriched nature of the 
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Shinzi-Melange basalts means that neither group plot in the 
Ti-Zr discrimination fields of Pearce and Cann (1973). 
The three most enriched lavas in the Axis Sequence group 
(Table 1 a MA422, 437, 439) have incompatible levels approaching 
those of the Shinzi-Melange basalts. It is interesting to 
note that these are all from the blocks which are tectonically 
incorporated in the melange zone. In field appearance and 
petrography these resemble the Axis Sequence, their tectonic 
position is similar to the Melange Lavas, and their chemistry 
is transitional between the two. A recent review of the 
geochemistry of the sheeted dykes (Abbotts, 1978c) noted the 
similarly-enriched nature of blocks incorporated in the melange. 
In the Ti-Zr-Y discrimination diagram of Fig.5 the Melange 
and Shinzi basalts plot in and around the "within-plate" basalt 
field. This field includes basalts of the oceanic islands and 
the continental rifts, both of which vary from being tholeiitic 
to highly alkalic in character. The discrimination plots of 
Floyd and Winchester (1975) shown in Fig.6. confirm the mildly 
alkalic nature of the Melange-Shinzi lavas. 
Fig. 2B. illustrates the Ce-Y relationships of these 
volcanic rocks. This plot gives an impression of the REE 
characteristics of a rock because Y behaves like an intermediate 
to heavy REE (Saunders et a1, 1978, Weaver et al, 1978). The 
high Ce (= LREE) and ceNIYN (= LREE enrichment) levels of the 
Shinzi-Melange lavas are evident on this plot. This degree of 
LREE enrichment is common in alkalic ocean island basalts (e.g. 
Guada1upea Batiza, 19775 Easter Islands Bonatti et al, 1977). 
Zr 
! 
o Melange lavas 
• Shinzi volcanics 
Ti 1100 
AXIS SEQUENCE 
)( Piltow lavas 
• Dykes 
Y.3 
FIG.5. Basalts or 
the Shinzi and 
Melange groups 
added to the 
Ti - Zr-Y 
discrimination 
diagram from 
Abbotts, 1978c 
(after Pearce and 
Cann, 197J). 
Field A = island 
arc tholeiites 
Field B = mid-ocean 
ridge basalts· 
Field C = calc-
alkaline basalts 
Field D = within-
plate basalts. 
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FIG.6. Discrimination plots of P205 v Zr and Ti02 v zr/P20 5 x 10
4 (after Floyd and Winchester, 1975) 
for the basalts of the various volcanic groups on Masirah. 
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6. IMPLICATIONS FOR TECTONIC ENVIRONMENT OF ORIGIN 
The high incompatible levels and the high CeN/YN ratios 
of both the Melange and Shinzi volcanics indicate their 
alkalic affinities. The levels of P, Ti, Zr and Y all fall 
in the ranges quoted by Miyashiro (1978) for alkalic basalts. 
Within the limitations of the small populations studied, both 
groups appear to have similar chemical characteristics. The 
Ti-Zr-Y discrimination diagram suggested a within-plate origin. 
The absence of continental crust on Masirah, the pillowed 
developments in both volcanic groups and the position of the 
melange lavas as substrate to marine limestones, all indicate 
the oceanic environment. 
Table 3 compares the incompatible element levels in the 
Hasirah groups with basalts from various tectonic environments. 
There are obviously close similarities between the Melange-Shinzi 
groups, the oceanic island basalts of St.Helena (Baker, 1969) 
and Easter Island (Bonatti et a1, 1977), the ocean island 
basalt average of Pearce (1975) and the Mamonia Complex 
basalts of Cyprus (Pearce, 1975). These latter basalts were 
attributed by Pearce (1975) to alkalic, within-plate, volcanism. 
The incompatible-enriched na'ture of oceanic island basalts 
is usually ascribed to a small degree of deep partial melting 
of an enriched mantle source, invoking a mantle plume, hot-spot 
or hot-line mechanism (Kempe and Schilling, 1976; Bonatti et al 
1977). Deeper (higher p) melting of peridotite leads to a 
more undersaturated melt (Kushiro, 196 5) whilst alkalic 
tendencies may also be encouraged by the necessary passage of 
off-axis liquids through thick, cold, lithosphere which provides 
Tab1e 3 : Mean va1ues o~ se1ected minor and trace e1ements in the Masirah vo1canic rou s 
compared with other basa1t txpes. On1x basa1ts with -50% Si02 are inc1uded. 
Masirah Ophio1ite Saint 
Axis-Sequence Shinzi Melange Helena 
*1 *2 Dykes(22) Lavas(22) Gp. (3) Lavas(8) (9) Mamonia O.l.B M.O.R.B. 
Ti02 1.08 1.08 2.22 2.05 3·01 2.62 3.12 1.39 
P20 5 0.11 0.10 0.54 0.43 0.64 0.15 
Zr 79 77 280 239 262 282 215 100 
Y 22 23 34 25 46 33 29 43 
Nb 8 7 58 62 57 69 32 5 
CeN/YN 1.3 1.9 5.1 6.2 
Baker - - - - - - --Pearce- Saunders 
(1969) (1975) et al (1978) 
~: *1 Ocean island basalt compilation, Pearce (1975). 
*2 Mid-ocean ridge basalt (Engel et al, 1965; Melson and Thompson, 1971; 
Erlank and Kable, 1976). 
Easter 
Is1and 
(5) 
... 
3.58 w ..... 
0.54 
260 
52 
2.8 
Bonatti 
et al 
(1977) 
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opportunity for high P crystal fractiona~ion (Malpas, 1978). 
The Melange-Shinzi basalts have both high absolute Ce 
levels (40-111 ppm) and the high CeN/YN ratios (4-8) which 
are found in the oceanic island basalts of Discovery Tablemount 
~ \ (61 Kempe and Schilling, 1976), Guadalupe (6-11 : Batiza, 1977) 
and Easter Island (3-8 : Bonatti et aI, 1977). The high 
CeN/YN ratios and low Y abundances (23-33 ppm) suggest a 
residual mantle phase capable of retaining Y and the HREE. 
The obvious contender is a garnet peridotite source with some 
garnet amongst the melt residue. 
Beneath the Oman Ophiolite in the Oman Mountains there 
occur exotic limestones which are frequently associated with 
a basalt substrate. Glennie et al (1974) attributed the 
association to either: (a) elevated ocean ridge volcanism to 
a depth which encouraged the growth of shallow later limestone 
or (b) volcanism on the shallow Arabian continental margin, 
which was subsequently covered by limestone growth. The broad 
environmental similarity to the Masirah Melange Lavas seems 
inescapable, although there seems no question of direct 
" correlationl the Oman exotics are dated at Mid to Late Pennian 
and Late Triassic whereas the Masirah limestones are Mid-
Cretaceous (Glennie et aI, 1974). Unfortunately published 
geochemical data on the Oman basalts is confined to major 
elements. 
Previous work (Abbotts, 1978 b and c) has suggested that 
the axis sequence lavas and dykes were produced at an oceanic 
spreading centre by moderate degrees (,.- 15%) of shallow 
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melting of plagioclase or spinel peridotite and subsequent 
low P magma chamber fractionation of the tholeiitic liquid. 
It is suggested in conclusion that the more enriched Shinzi-
Melange lavas were extruded in an "off-axis" environment and 
probably reflect smaller degrees of melting of a deeper source. 
Their extensive vesicularity and the Melange association with 
shallow marine limestones suggests a shallow water environment. 
The tectonic incorporation of both groups obscures identification 
of their precise place of origin and its position relative to 
the constructive margin which produced the axis sequence. 
Though the melange is believed to have originated as an oceanic 
transform fault it has also been suggested (Moseley and 
Abbotts, 1978) that the resulting lithospheric weakness was 
utilized during ophiolite uplift and emplacement. It is not 
clear if the exotic limestones and their basalt substrate were 
developed along the transform or were simply "caught up" along 
that line during the emplacement processes. It may be 
significant that the pillow lava-sheeted dyke blocks, 
apparently of axis sequence type, which are also found within 
the melange are moderately enriched in incompatible elements. 
Unfortunately their occurrence as tectonic blocks again makes 
it difficult to assess if they were generated along the 
possible transform fault. 
-Plate 6.1 
Two small exotic limestone blocks resting on basalts 
of the Melange Lava Gp. (see P 127 ) 
N of Al Quarin FT770555 
- 139a.-
THE OPHIOLITE MELANGE OF MASIRAH, OMAN: 
A CRETACEOUS INDIAN OCEAN TRANSFORM 
Y. MOSELEY and I. L. ABBOTTS 
Department of Geological Sciences, University of Birmingham, Birmingham 815 2TT. 
SUMMARY 
The Masirah Ophiolite consists of serpentinites, gabbroic intrusions, 
an extensive sheeted dyke complex, pillow lavas and sediments. It is truncated 
to the west by a N-S trending, 5 km wide vertical melange zone; a megabreccia 
with blocks up to 2 km long of all the above lithologies. The melange trend is 
perpendicular to that of the sheeted dyke complex, a common relationship between 
a transform fault and spreading centre. The variable lithologies in the melange 
can be explained by diapirism, but distribution of other reported ophiolites 
along the S.E. coast of Arabia and granite, which probably represents a partial 
melt of lower continental crust, intrusive into the Masirah Ophiolite, suggests 
upthrust of oceanic rocks onto the continent. 
The Masirah Melange and the dyke trends are parallel respectively to 
the Owen .'racture (and other transforms) and to magnetic anomalies in the Indian 
Ocean, and it is suggested that both melange and ophiolite are related to the 
initial opening of the IndiaQ Ocean, rather than to the Semail Ophiolite of ~e 
Oman Mountains as has been previously supposed. 
1. INTRODUCTION 
The Semail Ophiolite of mainland Oman, impressively exposed in 
2 
mountainous desert with an outcrop exceeding 14000 km , is becoming increasingly 
well known following intensive work during the last ten years (Glennie et ai, 
1973, Glennie et ai, 1974, Greenwood ~ Loney, 1968, Reinhardt, 1969 and Smewing 
et ai, 1977).' It represents oceanic crust of Upper Cretaceous age, emplaced as 
a nappe onto Arabian continental crust during the late Cretaceous. 
U.K. 
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The M~sirah Ophiolite resembles the Semail Ophiolite in some details 
and is also likely to be of Cretaceous age, so that although it is more than 
250 km from the nearest Semail outcrop, there has been an understandable 
belief that it could be par~ of the same unit, perhaps offset by dextral 
displacement along a Masirah Fault (Glennie et al op.~it., Morton, 1959, Moseley 
1969, Stoneley, 1974). However, a more detailed survey of Masirah by the authors 
(1976 and 1977) revealed more siructural complexity and differences from the 
Semail than had previously been supposed suggesting that this c~rrelation was 
unlikely. For example the Semail is a thrust sheet whereas all the Masirah 
structures are high angle; no high K granite has been recorded from the Semail, 
whereas it is present on Masirah; the Semail sheeted dykes are N-S whereas tl,ose 
of Masirah are E.N.E. and finally the Masirah Melange, the subject of this paper, 
differs in both structure and composition from those associated with the Semail 
Ophiolite. It is therefore necessary to decide the place of Masirah in the late 
Creta CEOUS - early Tertiary tectonics of S.E.Arabia and the melange may well be 
a key to this understanding. 
2. THE MASIRAH OPHIOLITE 
The ophiolite is well exposed over the greater part of Masirah Island, 
2 
and occupies about 1000 km. It includes serpentinised spinel-harzburgites and 
a plutonic sequence with dUnites, troctolites, olivine diopside and hornblende 
gabbros and minor tonalitic and trondhjemitic differentiates. Sheeted dyke 
complexes occupy large areas, particularly in the south of the island (Abbotts, 
1978a) whereas steeply inclined pillow lavas, with intercalated bedded limestone -
marl sequences and associa~ed red cherts are common, often within tectonic zones. 
Local copper mineralisation is associated with pillow lava and with major tectonic 
zones. 
3. TilE MAS IRAH MELANGE 
A zone of mega-breccia, which in places is more than 5 km wide, 
dominates the west coast of Masirah. It contains all the ophiolite components 
2 
as blocks ranging from outcrops of more than 2 km to fragments a few centimetres 
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in diameter. The larger blocks are themselves often internally brecciated. 
The junction between the melange and the rest of the ophiolite is tectonic 
and generally vertical, with a NNE trend approximately perpendicular to the 
trend of the sheeted dyke complex in the south of the island (Fig. 1). Some 
exposures of the junction are horizontally slickensided but this may be no 
more than a minor late stage effect. Lithologies common within the melange are 
as follows. 
A. Limestone blocks possibly of Middle Cretaceous age (Glennie et aI, 1974) 
are the most obvious melange component. They are exotic blocks, there being 
no comparable limestone outside the melange, and they vary considerably in size, 
the largest, Jabal Suwayr (Grid ref. 73 33, figure 1 and figure 4), being 2 km 
long and rising more than 100 m above the surroundings, whereas the smallest 
are boulders a few metres in diameter. Their contacts are highly irregular, 
truncating bedding in the limestones and structures (dykes, gabb~ layering etc) 
in the adjacent ophiolite. The majority of the limestone blocks have undergone 
partial or complete internal brecciation reSUlting in monogenetic limestone 
breccias with fragments ranging in size from a few metres to a few centimetres 
(figureS). This type of internal brecciation wi thin blocks also commonly applies 
to the other lithologies referred to below. 
B~ Chert blocks are found th~ughout the melange, though less abundantly than 
the limestones. They usually occur as thin interbeds of red chert with grey 
marly limestone, similar to outcrops in other parts of the ophiolite outside 
the melange. Bedding is almost always st~ngly deformed into minor folds, and 
there is lateral passage into breccia. 
C. Pillow lava blocks are often in contact wi th limestone s and cherts and 
were probably their original substratum. They are also internally brecciated, 
although in this case a hyaloclastic origin is always a possibility. In the 
70 
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Brecciated nature of an exotic limestone block in the 
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· Fig. 5 
.The large limestone exotic of Jabal Suwayr. The highest point rises 100m above the grav~l 
plain. The dark outcrops are sheeted dyke blocks in the melange. 
Jabal Suwayr FT730330 
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melange there is considerable difficulty in distinguishing between tectonic 
and igneous breccia, but considering the internal brecciation of limestone , 
chert and ,dyke rock a tectonic origin seems to be the more likely, and this is 
supported by the fact that there are few hyaloclastites associated with pillow 
lavas in the main ophiolite region. The details of pillow lava geology and 
geochemistry are considered elsewhere (Abbotts 1978b) but it can be noted 
briefly that the melange basalts are more alkalic and incompatible element en-
riched than those of the ophiolite axis-sequence (Table 1). It has been 
suggested (Abbotts, op.cit.) that this may reflect extrusion of the melange 
lavas in an "off-axis"environment. 
D. Sheeted dyke complex occurs as brecciated and unbrecciated blocks. The 
former are in part so completely brecciated that the original dyke structures 
are no longer recognisable. These blocks occur either as monogenetic dolerite 
breccia or dolerite-gabbro breccia, depending on the original proportion of 
gabbro screen, whilst local transition into normal dyke complex indicates their 
former origin. Unbrecciated blocks, best seen in the south of the island, vaty 
from 1007. dolerite, where the dykes are in contact with each other, to dolerite 
with gabbro screens. The dyke orientation varies from place to place, as would 
be expected wi th alloch thonous blocks. 
The perpendicular relationship between the melange and sheeted dyke trends 
has already been noted, but there are exceptions, and attention is drawn to 
elongate outcrops along the eastern margin of the melange where the dykes are 
parallel to it (Fig. 1, 75 48 and 73 38). 
E. Gabbros of varying types have extensive outcrops within the melange zone. 
2 The large units cover areas exceeding 2 km (Fig. 2) and many are cut by 
dolerite dykes, which can form a substantial proportion of the outcrop suggesting 
origins as gabbro-rich lower levels of a sheeted dyke complex.(Abbotts~ 1978a). 
FIG.2. 
Gabbro 
varieties ~l~~~~~~ Ultra-mafic complex + + + + Dolerite 
~c::~~li:==I------1 '" ... .. .. breccia 
~111~t~~~~~~ Pillow lava Sediments [mostly 
limestone} 
Melange of 
small blocks 
~~~~~~.t=j::::~ Sheeted /dyke 
complex 
1 K 
Detailed outcrop of part of the Masirah Melange. 
Table 1 : Whole-rock analyses of various lithologies found in the Masirah Ophiolite and along the melange zone 
Serpen ti nite Granite Melange lavas Axis sequence lavas 
1 2 
Si02 47.31 74.26 46.26 58.42 48.29 48.35 Ti0 2 0.01 0.10 2.10 2. 16 0.89 1.22 A1 203 0.81 13.78 12.98 16.14 16.35 17.08 
Fe203 10.10 0.92 6.45 4.23 7.85 9.67 
MnO 0.15 0.02 0.12 0.20 0.18 
MgO 40.30 0.37 5.36 2.01 7.20 4.65 
CaO 0.41 0.88 13.33 8.35 12.21 9.42 
Na ° 0.08 3.99 3.39 3.96 3.14 4.74 
K20 0.01 4.77 3.24 3.27 0.89 0.90 
P205 0.01 0.01 0.57 0.76 0.06 0.09 
~ 
Total 100.00 99.52 93.80 97.83 97.42 96.30 .I:-w 
Cr 3390 8 126 16 347 330 
Ni 2412 1 54 2 95 59 
Zn 41 6 64 111 58 57 
Ga -2 15 20 23 19 16 
Rb -1 81 41 28 11 11 
Sr 18 59 258 459 153 150 
Y -2 8 24 50 24 27 
Zr 5 82 283 396 58 77 
Nb -1 55 82 105 3 6 
Ba 8 699 513 457 22 59 
La -2 37 36 37 2 6 
Ce -3 54 72 106 6 14 
Note -2 - below lower limit of detection (-2ppm) - • not determined 
1. Avg. of 8 Masirah serpentinised harzburgites, recalculated anhydrous (total 
includes D.31 N.O, 0.50 Cr2D3). 
2. Avg. of 10 Masirah granites. 
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More deeply-derived gabbros are associated with partially serpentinised dunites 
and troctolites. Internal brecciation is less common in these rocks, probably 
becau~e they are more massive and stronger. Figure 2 shows that most outcrops 
occur as isolated islands in a sea of brecciated lava and serpentinite, but 
some have irregular sub-vertical contacts with limestone blocks while others 
seem scarcely detached from outcrops outside the melange zone (76 54, Fig. 1). 
The best interpretation of the gabbros is again that of blocks within the melange. 
F. Serpentinites are the final important lithology of the melange. They are 
cut by and contain complex systems of dykes, veins and pockets of coarse to 
pegmatitic gabbro, leucogabbro and anorthosite and rarer fine-grain dolerites. 
There is much internal brecciation, and from the way in which serpentinite often 
surrounds the blocks of other lithologies (Fig.2), it seems to have acted as an 
incompetent matrix to the more resistant rocks. 
4. POSSIBLE MECHANISMS OF FORMATION 
The pTobl~m of the origin of the Masirah melange requires consideration 
of the plate tectonics of the whole of S.E.Arabia from the late Mesozoic to fue 
present day. Of particular relevance are the Semail Ophiolite of the Oman 
Mountains to the north, a possibility that there may be ophiolites on the Kuris 
Muria Islands and at Ras Madraka to the S.E. and the results of research in the 
Indian Ocean where the older oceanic crust is late Cretaceous and there are 
transform faults and magnetic anomalies with N-S and E-W orientations respectively 
(Fig.3: McKenzie and Sclater, 1971; Whitmarsh et aI, 1972). In this connection 
the melange itself exhibits a number of features some already outlined for which 
explanations are necessary. 
(i) The melange, more than 5 km wide, has a general NNE trend, there is some 
NNE preferred orientation of the larger blocks~ for example some of the lime-
stones and gabbros on Fig.2 and there are near vertical NNE shear planes cutting 
through the matrix (shown as lines on Fig.2, e.g. 805555). 
(ii) The melange sharply truncates structures in the remainder ofwthe Masirah 
Ophiolite. In particular the main part of the sheeted dyke complex has a trend 
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perpendicular to the melange, a~though there are local areas where the dykes 
are parallel to it (Fig. 1, 75 48, 73 38). 
(iii) The contact between the melange and the remainder of the ophiolite 
generally follows a NNE trend, but in detail this is irregular, and in places 
there are abrupt trend changes of up to 90° (Figs. I and 2). In some cases 
these variations are a result of later faulting but in others this explanation 
will not suffice, for example note the relationships at 8055, where the melange 
contact has an apparent 1 km dextral strike slip displacement, "whereas an 
adjacent gabbro mass to the west is unaffected. 
(iv) High K granites, intrusive into serpentinised harzburgites and gabbros, 
occur within 3.5 km of the line of the melange as sheets, veins and lenses 
which locally coa1esce into larger masses. Their geochemistry (Table 1), 
particularly their high K, Rb and Nb, low Zr and highly fractionated REE patterns 
(Ce /Yb 39, Yb 3) rule out a co-genetic link with the ophiolite and suggest 
n n n 
partial melting of continental crust (Abbotts, 1978c). ' 
(v) Many of the large blocks of the melange are internally brecciated. They 
occur as monogenetic tectonic breccia (Plate 2), an event which preceded emplace-
ment of the blocks, thus suggesting polyphase tectonic activity. 
All these features together with those described above, can be 
interpreted in several ways,'as follows. 
A. Diapirism 
The melange incorporates rocks from all crustal levels, with serpentinite 
forming a substantial proportion, both as blocks and matrix. The harzburgitic 
nature of the serpentinite is evident even in hand speCimen, with bronze bastites 
set in a black serpentine matrix. Table I includes an average analysis of 8 
serpentinites which are extremely uniform, modally and chemically. Their depleted 
chemistry and high Ni-Cr levels distinguish them from ul tramafic cumulates in the 
plutoniC sequence, and suggest an origin as mantle depleted by basalt extraction 
(Abbotts, 1978b). The serpentinites have a low density, are incompetent, and 
would be likely to rise diapirically, especially if subjected to tectonic stress. 
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Many examples of the disruptive effects of diapirism, caused by a 
variety of tectonic processes, are known from other parts of the world. For 
example structural complexes analogous to the Masirah Melange are found in the 
Alpine belt of Southern Spain, where Triassic gypsiferous mudstones have risen 
upwards along linear wrench zones, carrying with them exotic blocks of lime-stone 
and volcanics hundreds of metres in diameter (Moseley, 1973). The materials 
are different to those of the Masirah Melange, but the effects and principles 
are similar. It is undoubtedly possible to interpret the Masii~h Melange as 
this type of diapiric structure, with rising serpentinites incorporating rocks 
from all higher crustal levels. Such diapirism would have required forces to set 
it in motion, and these could have been supplied by transform, wrench or thrust 
faulting, or some combination of these processes. 
B. Transform Fault 
Present day transform faults are known mostly from geophysical evidence 
supplemented by drilling and dredging of the ocean floor. A great variety of 
rocks have been collected from these zones including ultra-mafic, gabbroic, 
basaltic and sedimentary rocks, but the limitations of sampling mean that their 
detailed geological relationships are little known (Bonatti, 1978, Bonatti and 
Honnorez, 1976, Melson & Thompson, 1971). It is probable that the abundant 
; 
serpentinised peridotites in the transform zones are mantle derived and tectonically 
emplaced, with diapirism as the most likely mechanism. It has been suggested 
(Bonatt1 and Honnorez, op.cit., Wenner & Taylor, 1971) that serpent1nisation 
could have been caused by sea water penetration along transform fractures and 
that this alteration to a lower density rock would favour diapiric rise along 
the fault zone. 
Few fossil transforms have been described, but Simonian and Gass (1978) 
have interpreted the Arakapas fault belt of Cyprus as such. This region has 
some similarities to the structure on Masirah, including (I) development within 
a basement sheeted dyke complex (2) some trend rotation of the dykes adjacent 
to the melange (3) serpentinite emplacement near and along the "transform". 
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However, important differences between the two occurrences are the 
greater degree of brecciation and diapirism in the Masirah example. 
On Masirah the sheeted dyke complex (t'ig. 1) has a trend almost 
perpendicular to the melange which is a common relationship between ridge and 
transform, and all the Masirah lithologies are known from modern oceanic 
transforms (Honnatti & Honnorez, 1976). It therefore seems reasonable to suggest 
that many transforms, when they become known in more detail, may prove to be 
melange zones comparable with the Masirah Melange. 
c. A malor wrench zone 
A correlation of the Masirah and Semail ophiolites would require a 
dextral strike slip fault parallel to the Arabian Coast with a displacement of 
250 km. It could be a late Cretaceous transform fault as indicated above, a 
late Tertiary wrench fault along the line of an earlier transform, or simply a 
late Tertiary wrench with no transform movement involved. The last two inter-
pretations woul~ both satisfy Gass and Gibson's suggestion (1969) that late 
Tertiary north-easterly movement of Arabia relative to adjacent regions is 
reflected by dextral and sinistral displacement along the Masirah and Jordan 
faults, the tensional opening of the Red Sea and Gulf of Aden, and the compres-
sional Zagros Thrust. It is possible for major wrench faults to give rise to 
structures like the Masirah Melange, especially when diapirism and incompetent 
rocks are involved, and the example from the orogenic zone of southern Spain, 
referred to above, is a case in point. 
D. Upthrust onto Arabian continental crust. 
The previous hypotheses would involve tectonic movement parallel to 
the S.E. Arabian coast, but there is also the possibility of movement perpendicular 
to that coast, with upthrust of the ophiolite from the south-east on to the 
continental margin. Since the melange contacts are vertical, the upthrust would 
have to be vertical or nearly so, but such structures are by no means uncommon. 
The Masirah Melange runs parallel to the Arabian coast and the reported, although 
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so far unconfirmed,ophiolites of Kuria Muria and Ras Madraka continue the s~mc 
trend. An upthrust relationship would therefore satisfy these other occurrences 
whereas the previous hypotheses would not. An explanation is also required for 
the high potash granites within the ophiolite which have not been reported from 
the Semail Ophiolite (Aid iss pers. comm.). South-east Arabia seems likely to 
have been a passive margin throughout the late Mesozoic, and neither regional 
geology nor Masirah granite chemistry provides evidence for collision orogeny 
or appreciable calc-alkali vulcanicity. Nevertheless the gran~tes seem to be 
of continental crust derivation and presumably indicate the presence of this 
type of crust beneath the Masirah ophiolite during the late Cretaceous. Such 
relations are most easily explained by upthrusting. 
5. CONCLUSIONS 
None of the above mechanisms taken singly adequately explains .all the 
features of the melange, which seems more likely to have been the result of two 
or more processes, possibly operating at different periods of geological time. 
The presence of the sheeted dyke complex suggests proximity of a spreading centre 
at the time the rocks were formed. The date for this event seems likely to have 
been late Mesozoic, since although there is now considerable doubt about direct 
correlation with the late Mesozoic Semail Ophiolite of the Oman Mountains, 
observation of Cretaceous to Eocene sediments on the flanks of the Carlsberg 
Ridge (Le Pichon and Heirtzler, 1968) show that much of the western Indian Ocean 
could be of Cretaceous age, generated during the break up of Gondwanaland. The 
melange is a polyphase structure with brecciation of individual blocks preceding 
the formation of the large scale "mega-breccia", the former possibly a resul t of 
initial transform movement, and the latter more likely to be a diapiric effect as 
the transform developed. The sharp trend changes of the melange contact also 
suggest polyphase activity. For example the easiest way to explain the geology 
near 80 55, (Fig. 2) is (i) NNE strik~ slip (transform movement) along the 
present contact (ii) WNW strike slip displacing the transform fault boundary and 
(iiI) diapirism along the whole zone, during which the gabbro and other blocks 
were emplaced. 
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Previous correlation of the Masirah and the Semail Ophiolites (Glennie 
et aI, 1973, Morton, 1959, Moseley, 1969, Stoneley, 1974) made it necessary to 
invoke a large strike slip fault parallel to the Arabian coast. The objections 
to this correlation have been referred to in the introduction and it is unneccessar) 
to detail them al~ again, but it is worth emphasising first that the ENE-WSW 
dyke trend on Masirah contrasts with the N-S trend recorded in parts of the 
Semail Ophiolite (Smewing et al 1977), suggesting that the spreading centre 
there may have been at right angles to that of Masirah, and second, that a strike 
slip fault solution cannot account satisfactorily for ophiolites on Ras Madraka 
and Kuria Muria assuming that these reports prove to be correct. Thus previous 
citations of strike slip faulting to explain the location of the Masirah ophiolite 
seem to be oversimplifications. It is possible that the melange developed in the 
following way. 
(a) The most likely origin seems to have been as a transform fault parallel to 
other transforms in the Indian Ocean (Fig. 3; McKenzie and Sclater, 1971; 
Whitmarsh et aI, 1972), which displaced a late Mesozoic spreading centre (re-
presented by the dyke swarm). The initial small scale brecciation may have 
occured at this time. The texture of these breccias indicates that they are 
fault or tectonic breccias rather than sedimentary breccias. 
(b) Diapirism is a plausible explanation for the megabreccia in which there 
are rocks from depths of up to several kilometres (serpentinites, troctolites, 
gabbros and dolerites), mixed with surface rocks (limestones, cherts and pillow 
lavas). This may have taken place as the transform developed into a major 
structure. The lithological range is paralleled by the transform zones of 
modern oceans, and large scale diapirism has been suggested for many of these 
structures (see above). 
(c) Tertiary movements seem likely to have been as depicted by Gass and 
Gibson (1969) with Arabia moving north-eastwards relative to Africa and Iran. 
This movement is however unlikely to have been absolutely parallel to the 
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already established SE coast of Arabia (a continental margin), and oblique 
movement could have resulted in oceanic crust riding upwards onto the 
continent from Kuria Muria to the easterly tip of Arabia at Ras al Hadd 
(Fig. 3). Ophiolite upthrust would have occurred at some stage during the 
late Cretaceous-early Tertiary period. If Masirah was subsequently displaced 
by dextral slip faulting this could be expected to posthumously follow an 
earlier transform or upthrust line. 
The field work upon which this article is based could not have been 
completed ~thout permission from the Oman Government, assistance by the 
Royal Air Force and grants from N.E.R.C. To all these the authors are 
grateful. 
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High-potas<;iulIl granites in the J\Iasirah ophiolite of Oman 
I. L ABllOTTS 
(Plates 1-2) 
Summary. Ma,irah Island lies off the sr coa~t of Om;}n lind compri\cs a fully dc\eI0ped. though tectl)nically 
disturbed ophiolite. unc(\nh'rm;l rl~ o\erl"in by corl} Teniar), Jimc~tone. The ul ,hiolite comi~t~ of 
harzbuq;ile-s ~nd peridol!l~S. cu mu lJte ji"hbros. a . heeled d) \..c cOlD pl r \. and pillow la\ 'as Wilh sl'uimt" nt 
inkrcalations. With in the c'pl'illi it e ll('cur ~r"nile5 the fCoc he/l1i~try of \\hirh. parti('ul:ulJ th<'ir high J\~o'and 
Rb, and low Zr and Zr/:-':b. i~ more I) pical of a conlinental crust cn\'ilonment and ~U!,.~CSh that at the time 
of their formation continental cru t C\iSled beneath or immt'di&tely \\' of the ~fa~i,ah Ophiolite. 
1. Introduction 
Masirah is a desert ic;land. M b} 16 km. lying 24 ~m ofT the SE Cl LIst of Om"n. It was geologicl:1lly 
surveyed in 1976 and 1977, \lhen the \\ork was faciiitnted by the high degrcr of exposure. the 
good quality of aerial photographs (I: 1 ~ 000 and I: 60000) and the unfailin!! logistic support 
provided by the R.A.F. The f-Ia . irah Ophiolite is similar to the Semnil Ophil)lite of the Oman 
Mountains in containing all the typical ophiolitic components of harzhuq;itcs. peridotites, 
gabbros, a shected d) ~e co;npJcx, and pillow la\'3s (Fig. 11. Hm, ever. \bsirah lacks th~' 
ulidisturred igncou <;tr1ltif,raph) of thc Semail and thedifferenl lithologiec;usu,;llyloavelt"ch.lnic 
and not grad3tionai con:acts \\ ith each other. Tertiary limesh)nt' rests unconformably on the 
ophiolite. The only pre\'ious puhlication referring to the geolo!;} of \iasir;!h :l.:e by Lees (19~~). 
Moseley (1969), who recorded the granites referred to in this paprr, and Glennie et al. (1974). 
The granite which outcrop o\'er 4 km~' within the ophiolite (rig. I) posse~s an unusual 
geochemistry (J-: ~O - 5~. Rb 50 - 100 ppm) con~idering their em ilonmcnt. 
2. The Mac;irah ophiolite 
As host to the granite. a bri.::f de. cription of the ophiolite is necessary. The harzburgites and 
peridotites make up les. than 10« of the total \'olume and art' qrtln.;;l} <;('rpentini7ed. t-IO:;1 of 
the gabbros are ma~,i\'e rbgioda"c--cJiJlopyro\cne rocl,s. lhot!~h oli\ ine ancl amphibole-hearing 
varieties ale pr" ent and a late stage gabbro p~gm::lIite pha~e i~ common. The sheeted dy~e 
complex is coni;nuousl} e\po~ed for over 150 J..m! and is compo<;ed of 70-IOOC'( meta-OoleritC' 
dykes generally WSW trending \\ ith the remainder being \\ ell-ddined ~creens of ufalitized gdbbro. 
The dykes are generally no more than ~ m \\ ide and are quite uniform in thei, minerdlogy (LOned 
pJariocJac;c-amrhibo!c- phenc-<.>rel. At higher Ie\els there i a transition zone of dykes with 
pillow lava . cre~n and finall) e"ten i\ e srre;Jds of b"saltic rillow la\·as. Tlh' intel naJ 
stratigraphy of the ophiolite has i1een much di tllrhed by suhst'qucnt tectonic movements ~o that 
natural contacts, such a thr d) ke-Iava transition, are rare. . 
3. Field relalion and pl'trogr:~ ph) of the t~r!'lnifl's 
Figure 2 is a ~implification of the al ('a of granile intru~ion into ophiolitc. the latter being a 
complex m .. tgmatic hrec in containing !.t'lpcntinilcci pctidotiles. filhbro. gahbro-pcgmatite and 
dolerite in blocks \ aryin£ in diam('ler from 10 cm to ROO m. Within thi. br,'tcia the order oi 
intrusion i~ peridotite. then 1;.. b"ro and dolerile and finally g:.lhhlO pegmatite. Thus the per::.I<)titc 
occurs as ::..cnolithic "locks. tlte pctlmatitc as a bleccia malri\. and the gabbro and dolerite occur 
in both roles. The mutu:ll age-rdation!'hip of the g;JhhlO and dl)lerite is not dear. 
Geal. /1;0&. 000 (a,. woo. I'f {)(I(I..(~\') Prilll.J in Gn'oT BriTain. . 
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Fi~ure 2. Geological map of the area of granite intru ion . 
Comple\ity i~ furth er increac;ed by the intrusion of the granites. which cut all the ophiolite 
components in the final magmatic event of the area. The granites occur as veins, sheets and 
irregular pod, rangi ng fr,1m a few cm to ~O In in width . E\p05Ures vary fro m isolated thin gra nite 
veins forming IO ?( of the Nllcrop to coalec;ced .eins and shee ts containing only a fe\\', partially 
absorbcd, basic >.cnolith, t PlJte~ 1 A and H l. 
Table I. AH' rage modal composition of 9 granites. Masirah 
--------------
QU :111Z 
Orthocla~e (pC'rthilic) 
PI3g.iocI3~e (albill'·olif oc1ase) 
BiCllite (chlorili7ed) 
41.9 
34.S 
:?1.6 
2.0 
The granite, cream to pink in (:olour. is extremely leucoeratic ..... ith mafic minerals compo!.ing 
less than 3 c;t of the- mode (Table I) and has cataclastic texture \ arying from a t) rically granlllar 
granite with only slight hrl'cciaticn of cryswl margins to a protomyk)nite wi'h fel~rar 
porphyrocbsts in a Slitu red quart7 matrix .) 1:1' ophiolitic ccuntr~ rocks adjacent to 
the granite do not have c:ltacla _tic te\turc~ but instead are largcl~ recrystalli/ed. (This different 
reaction to stress of acid and h:.J!>ic rochs is de-scrihed by Higgins. 1971 .) The dolerites and 
gabbros have c1inopyro:-.ene retf(\gre~sed (0 amphibole «nd plagioclase partly albiti7ed . the 
peridotites are completel) scrpentiniz('d and the gahbro pl" gmatites have altaed to alhite-
sericite- amphibole-quartl-<,piuole tOd.s . Similar hut Ie~s advanced recrystall i7ation is commOn 
on the island throllghout the dyke complex and in some of the gahbros and may be c\ idence of 
a static mctamot phi~m at the site of ophiolite generation. slich as that descri\:led in the Sarmiento 
marginal basin ophiolitic complex of southern Chile (Saunders el al. 1978). The more ad"::!nced 
recrystallization around Ihr granites i~ then ::r~cribed to the added effects of granite intrusion and 
the subsequent locali7l' d P-T cL)nditions which mylonized the granites . 
Plate 1. 
(a) Veins of pale granite cutting darker gabbro. 
Jabal Hanna FT940700 
(b) Pal granite with darker gabbro xenoliths. The 
xenoliths are O. 3 -1. Om in width 
Jabal Hamra FT945700. 
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Granites 01 Mmiruh ].I/ulld 
4. GrocliemistrJ 
The major and twce clement analyses of 9 Ma"irah granites arc pre~ented in Table 2, where they 
are compared with a continr ntal crll~tal melt lellcogwnite and 3 acid differentiates from various 
oceanic and ophiolite area~ . To date, 75 guhhros, 42 dykes, and 30 lavas have heen analy~ed from 
the ophiolite and 9 repre~cntativc amples are shown in Table J. (A complete list can be obtained 
from the author on request.) In each of the three groups the analy~es are set out in order of 
increasing Fc*/Mg (v. here Fc'" is total iron as Fe2+ weight %) in order to ~how sympathetic 
clement variations. The rea '>ons for preference of this ratio as a fractionation index are set 'but 
in Saunders e/ al. (1978) . All analy~cs were performed on pressed powder discs using a Philips 
PWI450 X-ray fluorescence !>pectrometer. 
Table 3. Representative anatyses of Ma,irah gabbros. mctadolcritc dykes and pillow lavas 
Gabbro's Metadoleritc dykes Pillow lavas 
Sample MAI75 X71 MA272 MA323 MAI83 MA248 MA286 MA391 X245PI 
SiOI 46.17 44.95 49.42 48.86 48.52 48.91 48.42 47.90 47.64 
TiOI 0.09 0.05 0.28 0.66 1.34 1.22 J.JS 0.91 1.06 
AI,O, 18.69 22.18 15.98 18.80 14.28 13 .58 14.43 17.28 16.37 
Fe,O, 4.18 4.74 7.09 7.81 9.39 9.55 10.19 8.81 9.34 
MgO 13.98 12 .22 10.47 8.46 11.52 9.98 9.44 6.85 4.65 
CaO 15.57 13.63 t3 .19 13.34 11.40 13 .42 11.98 12.59 12.66 
Na,O 1.49 1.50 2.36 2.07 2.29 2.39 2.06 2.88 4.17 
K,O 0.10 0.04 0.13 0.13 0.11 0.12 0.08 0.87 0.92 
PIO. 0 0 0.01 0.05 0.11 0.09 0.11 0.06 0.10 
Fe*/Mg 0.35 0,45 0.79 1.07 0.95 1.11 1.26 1.49 2.33 
Trace elcments in p.p.m. 
Cr 1931 384 345 268 426 274 346 314 314 
Ni 271 247 90 80 169 83 107 83 55 
Zn 14 20 23 30 53 22 70 54 76 
Ga 10 12 17 J7 16 17 18 17 15 
Rb 0 0 0 0 0 I 1 II 12 
Sr 129 202 177 109 192 135 195 196 133 
Y 1 0 7 16 25 23 26 23 24 
Zr 7 10 13 37 115 29 89 63 68 
Nb 0 0 1 3 13 5 5 3 4 
Ba 22 7 28 21 80 29 45 49 42 
La 4 2 3 4 9 2 8 6 7 
Ce 0 0 0 6 19 7 9 6 10 
Pb 1 0 2 4 0 I 2 4 3 
Th 1 0 0 0 0 0 0 I 0 
" Note Fe-O, '" total iron as FetO,: Fe" = total iron as Fe" 
With increasing Fc*/Mg in the ophiolitic rocks there is a decrease in MgO, an incrcase in total 
iron (Fig. 3 a) but no ignificant variation in Si02 (Fig. 3 b). This shows the differentiation trends 
to be tholeiitic and not calc-alkali (MiY:lshiro. 1973). Zirconium is a notahlc incompatible element 
in ocean floor ba~alls (Erlank & Kable, 1976) and is relatively immobile during ba!>alt alteration 
and metamorphism (Pearce & Cann. 1973). The plots of SiOz, Ti020 MgO, Fe203, K20 and Sr 
v. Zr (Fig. 4) confirm the tholeiitic differentiation trends of the ophiolite (note that with increasing 
Zr, Fe203 and TiOz increase. MgO tends to decrease, and SiO: and K~O remain fairly constant). 
More importantly the plots illustrate the clear chemical distinction of the morc alkaline granites 
and their tholeiitic host rocks. 
One possible origin of the granites is that of extreme diffcrenti::l1ion of the tholeiitic magma 
Table 2. Analyses of 9 Masirah granites, with I continental granite and l oceanic acid differentiates for comparison 
Sample ••• MAl7 Xl7 X86 XlS MAI20A MA28 MA358 MA44 X33 1\- 125.16t PA23Jt CY.SSC§ 
SiO. 74.97 . 74.ll 74.66 74.95 7.5.98 75.0S 73.61 74.70 73.31 75.10 76.37 74.21 69.4 
TiO. 0.10 0.21 0.07 0.05 0.10 0.15 0.10 0.06 0.17 0.10 0.42 
'. 
0.27 o.n 
AIIO. 13.50 13.82 14.01 13.91 13.16 13.57 14.30 13.63 13.77 13.85 12.78 12.28 14.0 
Fe.O';1 0.74 1.68 0.72 0.58 0.56 1.08 1.00 0.70 l.S7 1.40 0.90 3.31 ~.~ 
MnO 0.01 0.03 0.02 ·0.01 0.Q2 0.02 0.04 0.03 0.02 0.04 0.02 0.05 0.0" 
MgO 0.40 0.61 0.18 0.14 0.29 0.49 0.21 0.11 . 1.07 0.16 0.87 0.23 0 . .54 
CaO ·0.S7 1.30 0.85 0.61 0.S9 1.09 0.99 0.50 1.58 0.78 0.114 S.5S 4.6 
Na.O 3.76 4.43 3.116 3.62 4.00 3.53 4.72 3.83 3.74 3.72 7.70 3.61 3.8 
K.O .5.20 3.3.5 4.9S S.75 4.58 4.49 4.33 5.34 4.49 4.46 0.07 0.01 0.07 
P.O. 0.01 0.01 0.01 0 0.01 0.02 0.02 0 0.02 0.02 0.04 0.15 
99.26 99.57 99.33 99.63 99.28 99.49 99.29 99.89 99.75 99.46 100.22 99.56 100.00 
Trace element8 in p.p.m. 
Cr .5 .8 6 6 ." 4 9 6 4 28 2.8 7 7 
Ni 0 I .0 0 0 3 0 0 8 <I 29 6 15 
Zn 10 23 10 S 6 12 8 8 15 15 
Ga 13 17 17 14 13 14 19 16 ·16 12 15 20 ~ 
Rb 71 56 101 102 67 60 60 85 95 260 I <1 IJ' 
Sr 56 73 34 40 72 92 118 30 72 62 86 224 m V1 
Y 3 -8 II 10 6 6 9 9 9 23.5 180 114 30 
Zr 49 103 98 72 26 102 146 92 72 117 550 57.5 70 
Nb 27 93 73 53 23 53 56 48 81 2S 17 
Ba 798 218 183 137 2970 994 658 224 348 510 1110 1 20 
La 23 SO 18 20 83 6.5 30 29 23 39 30 
Ce 37 76 31 36 108 94 49 47 39 73 
Pb S S 6 6 4 6 5 6 7 21 47 3 
Th 17 SO 43 42 50 46 20 39 34 21.1 12 
- Leucogranite; Snowy Mountain!!, Australia (Kolbe & Taylor I, 19(6). 
t Alpite (trondhjemite): Indian Oc.ean (En~cl & Fisher. 1975). 
* Plagiogranite: Sarmiento ophiolite. Chile (Saunder!l et 01. 1977). 
§ Plagiogranile: Troodo!\ ophiolite (Coleman & Peterman. 1975). 
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Figure 3. Plots of Fe- and SiD, r. Fe·/~fg for Masirah ophiolitic rocks. The fractionation trend for abyssal 
tholeiites is based on published data and the dashed line separating tholeiitic and calc-alkaline trends is from 
Miya~hiro (1973). Fe- is total iron as FeB "eight~. 
from which the Masirah ophiolitic rocks were derived. Such acid differentiates have been termed 
plagiogranites and have been described from the Troodos Ophiolite (Coleman & Peterman, 1975), 
the Sarmiento Ophiolite (Saunders (I 01. 1978). and the Argo Fracture Zone in the Western Indian 
Ocean (Engel & Fisher, 1975). The incompatible elements yttrium and zirconium are strongly 
concentrated by fractionat'ion and a plot of log Y ... log Zr(Fig. 5) shows how the differentiation 
trend of the Masirah ophiolitic rocks. if continued, could produce the plagio£ranites with their 
high incompatible levels but could not produce the Masirah granites whose Y le\'els are too low. 
There are other obvious differences between the Masirah granites and the plagiogranites: K:O 
and Rb in the {!ranites are respectively over 10 times, and 50-100 times, those of the 
pJagiogranites (Table 2). Thus the evidence argues strongly against deriving the granites from the 
tholeiitic magma which produced the Masirah ophiolitic rocks. 
Alternatively the granites might be derived from a continental crust melt. Fields for such 
crust-derived granites have been produced on Figure 4 and the Masirah granites are seen to fall 
largely within these. There is also a striking similarit}' in both the major and trace elements 
between the Masirah granites and the leucogranite of Kolhe & Taylor (1966, table 2-11). The 
leucogranite is thought to have formed b) extreme fractionation of a melt derived from low-level 
continental crust (Price & Taylol, 1977). Thus evidence points towards an origin as a continental 
crust melt for the Masirah granites. However, Brown (1977) argued that many granites at 
destructive plate margins are probahly formed from predominantly mantle-derived melts. These 
melts are pwduced in or ahove the suhduction zone, are tonalitic in nature and fractionate at 
higher levels in the continental crust to produce intrusive granites. Evidence for the mantle source 
of these granites lies in their low initial strontium isotope ratios (0.703--0.708) and it might be 
noted here that the leucogranites of Kolbe and Taylor give a value of 0.704. Thus the possibility 
of a mantle source, as opposed to a continental crust-melt origin, for these Masirah granites cannot 
be ruled out in the absence of strontium isotope work. It is hoped that such work will be possible. 
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Figure 4, Plots of SiO,• TiO,. MgO. Sr. FC',O, and K:O ", Zr for the Masirah mafic rocks and granitt's, Note 
the differentiation trC'nds shown by the mafic Jocks and the isolation of the granites_ The continc:ntal granite 
fields are ha .. ed on the following rub1i!.hed sources: Alhurqucrque (1971.1977), BeclinsaJe (1974), Clifford. 
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Nockolds &: Allen (1953). Smith (1974), Thomp~on (1%8), \\'C'st (1974). 
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5. Ophiolite t'llplacemrnt and granite origin 
On geochemical grounds the ~fasirah granites. which OCCur on a completely ophiolitic island. are 
probably continental crust melts thou£h a mantle source remains a possibilitr. Of relevance to 
their origin are the problem!> of the mechanism and timing of ophiolite emplacement. The 
Masirah ophiolite is demonstrahly pre-Tertiary but can (:Ie assigned no lower age-limit as the base 
is never seen. The only dated rods within the complex are early Cretaceous cherts and mid 
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Cretaceous limestone blods caught up in the western melange (Glennie et al. 1974). Previous 
~uthors have correlated the ophiolite with the Semail Ophiolite of the Oman Mountains (Lees, 
.1928; Morton, 1959; Wilson, 1%9), itself dated as Permian to Upper Cretaceolls (Glennie et al. 
1974); this correlation is b,,<,t'd on lithological similarity and assumes the dextral displacement 
of Masirah along a postulated M a~irah Faull (Fig. 1). Glennie el al. (1974) suggested the Semail 
was generated in a Mesozoic ocean to the NE of Oman and emplaced as a nappe south-westwards 
onto the Arahian continent in the Campanian. The Masirah-Semail correlation would involve the 
detachment of part of the ophiolite nappe (with some coupled continental crust heneath?) and 
its displacement 100 km SSW along the Masirah Fault. between the Campanian and the early 
Tertiary. The granites could then be partial melts of the continental crust beneath the ophiolite, 
and the major faulls bounding the granites to the NE and SW (Fig. 2) could possibly be lines 
of structural weakness directing upward movement of the melts. 
However, the reality of the Masirah Fault and the Semail-Masirah correlation is made less 
convincing by the reports of ophiolite at RasJib~h (Glennie el al. 1974), Ras Madhraka (Lees, 
1928) and the Kuria Muria Islands (Reed, 194'; Mayer, pers. comm.), 100 km N, 150 km Sand 
400 km S, respectively of Ma!>irah (Fig. 1). These occurrences, with Masirah, define an offshore 
ophiolite zone extending 500 km along the Arabian coast and geometrically inconsistent with a 
Masirah Fault displacing the Semail Ophiolite. The four ophiolite occurrences may define an 
ophiolite thrust front emplaced from the E or SE in the late Cretaceous and related to the 
northward movement of the Indian plate past the Afro-Arabian plate. As the ophiolite was 
emplaced either on to or against the Arahian continent, partial melting of the cmst and upward 
granite intrusion into the ophiolite may have occurred. Here, as in the alternative origin above, 
the heat source for crustal fusion is conjectural. The ahsence of any evidence of subduction 
beneath the ophiolite argues against melting above a Benioff Zone. Perhaps relative motion at 
the plate boundary might have caused melting of the continental plate at depth? At the present 
time no more definite answer to the problem of crustal fusion beneath Masirah can he presented. 
As some support to this second hypothesis, granites of continental affinity are reported 
associated with the Kuria Muria ophiolite (Reed, 1949; Mayer, pers. comm.), whereas there are 
none reported in the SemaiJ. 
The other possible granite origin is that of a mantle source. Following Brown (1977), this would 
involve a destructive plate margin, subduction and mantle-melting at the subduction lone. Only 
the first hypothesis of ophiolite emplacement involving a Masirah-Scmail correlations, could 
possibly involve this situation. However the lack of any end-Cretaceous island-arc or calc-alkali 
magmatism associated with the Scmail seems to preclude such an explanallon. 
In conclusion the occurrence and geochemistry of the Masirah rranites suggests an origin as 
continental crust melts probahly produced at the time of ophiolite obduction, though in the 
absence of strontium isotope work a mantle source cannot entirely he ruled out. 
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ADDITIONAL NOTE CONCERNING THE ORIGIN OF THE HIGH-K GRANITE 
ON MASIRAH 
Recent studies of granitic rocks have demonstrated the use that can 
be made of the REE in elucidating their petrogenesis (e. g. Alburquerque, 1978; 
Hanson, 1978). This note considers recently obtained REE data for the high-
K granite wlich intrudes the Masirah Ophiolite and thus continues discussion 
of their origin begun in an earlier major-trac e element study (Abbotts, 1978a). 
The REE patterns of one of the granites and four plutonic rocks from 
. 
the ophiolite are s rown in Fig. 1. Fig. 2 compares the granite with selected 
silicic rocks from other areas. The sample used for REE determination 
(MAZ8) is one for which major and trace element data have been obtained 
(Table 2 ! Abbotts, 1978a). Analyses were made by an INAA technique similar 
to that described by Randle et al (1968). 
OPHIOLITE -GRANITE RELA TIONSHIPS 
The granite intrudes serpentinites and gabbros of the ophiolite. Throughout 
the 4 km 2 of intrusion there is little variation in either major or trace element 
levels and there are no associated basic .;.intermediate intrusives. Extreme 
fractionation within the ophiolite produces volumetrically insignificant tonalites 
and trondhjemites characterized by high Na/K, Zr, Nb and REE, low K and Rb,· 
and Cen/Ybnt"V 4. These appear to be produced by ol-pl-cpx-hb -mt crystallisation 
from an initial tholeiitic liquid with Zr.....J50 ppm and Cen/Ybnl""J1. 5-1. 7 
(Abbotts, 1978d; Chapter 3). Fig. 1 shows that the granite has an extremely 
fractionated pattern (Ybn = 2. 7, Yn = 3, Cen/Ybn = 39) wlich cannot be derived 
by the crystallisation sequence in the ophiolite. A similar conclusion was 
reached earlier by trace-element studies (Abbotts, 1978a). 
GRANITE SOURCE 
There is no exposure on Masirah of any other possible source for these 
high-K granites. It is not clear if the pre -Permian calc -alkalic Arabian 
Shield (Greenwood et aI, 1975) extends under Masirah from its nearest point 
24 km distant on the Oman mainland. Consequently thelle can be no quantitative 
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petrological constraint of the source of these granites. Recent granite studies 
(e. g. Arth and Barker, 1976; Alburquerque, 1978, Frey et aI, 1978; Hanson, 
1978) suggest two pos sible origins for the extremely HREE depleted patterns 
of Fig. 2. These are (1) partial melting with residual garnet or hornblende or 
(2) fractional crystallisation of hornblende. In Fig. 2 the quartz monzonites 
(Hanson, 1978) and the Westerly granite (Burna et aI, 1971) are believed to be 
derived by the former process. The very similar Tuolumne granite porphyry 
pattern was, however, produced by hornblende crystallisation in a concentrically-
zoned granite pluton. Hanson (1978) suggests 20-50% melting of a greywacke-
argill ite sequence with residual garnet-hornblende-plagioclase to produce the 
monzonites. 
The homogeneity of the granites and the absence of associated basic-
intermediate rocks may suggest partial melting of a rather uniform source with 
insignificant subsequent fractionation. The other possibility is that fractional 
crystallisation has taken place to produce the granites which then penetrated 
to a higher structural level by virtue of their greater buoyancy and volatile 
content. 
The lack of an Eu anomaly in the granite suggests a balance either in the 
source residuum or during crystallisation between mineral phases with a positive 
anomaly (plagioclase, K -felspar) and those with a negative anomaly (garnet, 
amphibole, zircon, apatite, hypersthene). Hanson (1978) calculated that a 
residuum containing twice as much plagioclase as hornblende will generate a 
melt with no Eu anomaly. Involvement of plagioclase in formation of the 
granites is also indicated by their low Sr levels, wlich range 30 - 92 ppm, 
(Table 2 : Abbotts, 1978a). 
The adjacent Arabian shield is an obvious possibility for a granite source. 
The shield is dominantly calc -alkalic and may possess the high Cen/Ybn ratios, 
and low Ybn levels, common in calc -alkaline rocks (e. g. Jake s and Gill, 1972; 
Bruhn et al. 1978). Both Hanson (1978) and Alburquerque (1978) suggest the 
melting of such a source in the lower crust to produce highly fractionate~ 
granites similar to Masirah. 
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GRANITE ZR AND NB LEVELS 
The Masirah granites have low Zr (26-103 ppm, mean of 9 = 84 ppm) and 
relatively high Nb (23 -93 ppm, mean of 9 = 57 ppm). The low Zr could indicate 
either (l) fractional crystallisation involving cumulus zircon or (2) partial 
melting with a residual zircon phase. Zircon fractionates the HREE (Hanson, 
1978) and, whether curriulus or residual, will help slightly in producing the 
depleted HREE characteristic of these granites. Neary et al (l974) suggest 
that granites generated in and above subduction zones have lower Nb (0-10 ppm) 
than those of "within plate" granites (50 -400 ppm). A Lower -Middle Cretaceous 
age for the ophiolite is suggested by associated sediments (Glennie et aI, 1974). 
The absence of granites in the adjacent overlying Lower Tertiary limestone 
thus suggests granite intrusion in either Upper Gretaceous or early Tertiary .. 
There is no evidence of subduction beneath Masirah during these, or later, 
times and therefore the Nb levels in these granites appear to agree with the 
observations of Neary et al (1974). 
CONCLUSIONS 
These granites possess fractionated REE patterns with high Cen/Ybn and 
low Ybn. Their REE chemistry can be explained by either fractional crystall-
isation or partial melting. Their very homogeneity and the absence of cogenetic 
basic -intermediate rock-types may favour the partial melting hypothesis. The 
low levels of Zr, Sr and HREE would then indicate a residual source containing 
plagioclase + zircon + (hornblende and/or garnet). Alternatively a fractional 
crystallisation model would involve plagioclase, hornblende and zircon as cumulus 
phases. The only evident source is the adjacent Arabian shield. The heat 
source for possible partial melting is unknown but the moderately high Nb levels 
may suggest dry melting which would agree with the lack of geological evidence 
for subduction involvement. 
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CHAPTER 9 
A MODEL OF THE CONSTRUCTIVE MARGIN 
AT WHICH THE MASmAH OPHIOLITE WAS FORMED 
Fig. I is an interpretive cross-section of the constructive margin at 
which the Masirah Ophiolite was formed. based on field. petrological and 
geochemical data. Disruption suffered during ophiolite emplacement precludes 
correlation of Fig. I with anyone section through Masirah but all features. 
except for relationships in the crystallising magma chambers. are based on 
recorded evidence. Fig. 2 provides an index map for the various locations 
used in the model. Points to be noted on Fig. I are designated A - T. 
approximately ordered from left to right. and include: 
AI-2 Sub-vertical faults. with significant displacements. have trends approx-
imately parallel to the strike of the sheeted dykes and thus to the original ridge 
axis. Examples are found associated with the Gp. 3 serpentinite lenses (AI; 
Chapter 2) and also at Urf (A2). where sheeted dyke complex (900/0 dykes) is 
faulted against gabbro (100/0 dykes). In the former case the faults appear to 
have acted as loci for upward serpentinite diapirism; thus NW of Haql serpent-
inite intervenes between gabbro, intruded by some dolerite dykes. and red . 
pillow lavas. Analogous relationships involving serpentinite diapirism along 
. faults parallel to the ridge -axis have been recorded on the M. A. R. (Bonatti. 
1976). These major faults may have provided passageways for the significant 
hydrothermal circulation necessary to produce the observed dyke -lava 
metamorphism. 
~ The cumulate-harzburgite boundary is a surface of shearing and gabbro-
gabbro pegmatite -dolerite intrusion (W. of Jabal Hamra. Jabal Shabbah). Both 
processes may have occured in the near-axis environment. before cooling and 
"welding" together occurs and while significant amounts of magma were 
available. 
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C. This intrusion is modelled on the Ras Kaida intrusive complex where 
gabbro containing ultramafic cumulate blocks has intruded into sheeted dyke s. 
An off -axis timing is suggested by the rarity of dolerite dykes cutting the 
complex. 
D. Minor intrusions of gabbro, gabbro pegmatite, anorthositic gabbro and 
dolerite trapped and crystallised within the mantle. (NW of Haql). 
E. Intrusive gabbro modelled on the example sr of Sur Masirah (Chapter 4 : 
Fig. 2). Occasional dykes cutting the gabbro parallel the regional sheeted dyke 
trend and indicate gabbro intrusion within the zone of active tension. 
F. Plutonic sequence modelled on the distinctive Ras Al Ya Gabbro and 
showing: (l) regular rhythmic layering undisturbed by gabbro intrusions; (2) 
a regular small proportion of dolerite dykes cutting the cumulates; (3) serpent-
inised dunite blocks toward the base of the gabbro cumulate unit. The gabbro 
has fault contacts with the adjacent plutonic s but is represented here as an 
individual pluton because of the distinctive internal sequence. 
G 1-2 Dolerite dykes are occasionally found cutting the whole plutonic section 
and seem to represent "off-axis" intrusion subsequent to magma chamber 
crystallisation. Their chemistry is compatible with origin as off-axis melts 
of previously depleted mantle, while their regular occurence in the Ras Al Ya 
gabbro suggests a lower body of magma (HI). At Jabal Madrub the dykes are 
perpendicular to the cumulate layering (G2); at Ras A I Ya they are oblique to 
the layering. This may reflect an original dip of the layering (see GI) or an 
episode of crustal tilting prior to dyke injection. 
L Vertical layering in a high development of massive gabbro, modelled on 
the occurence at Uri. A strong mineral lineation, in the plane of layering, .. 
suggests an origin by magmatic flow. 
K. Silicic differentiates (+++) are rare, though they may have been obscured 
by the disruption suffered at massive gabbro level during ophiolite emplacement. 
The only examples occur as a narrow screen to sheeted dykes and as late veins 
cutting magmatic gabbro breccias. The breccia represents repeated gabbro 
intrusion and may reflect (1) a zone of crustal weakness which a'ttracted the 
through-put of magma or (2) the contact of two magma chambers. 
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L. Significant variation in the depth of the dyke -gabbro transition is indicated 
by the outcrops W. of Sur Masirah where large (--....J'l km) exposures of sheeted 
dykes alternate with massive gabbro intruded by only occasional dolerite dykes. 
M. Layering is best developed in the ultramafic cumulates (N. of Jabal Hamra). 
The gabbro cumulates possess a good lamination but layering is only sporadically 
developed. 
N. Gass and Smewing (l978) suggest that the hydrothermal metamorphism 
seen in ophiolites is p:cobably imposed in the zone of active axial volcanism. 
The metamorphic facies developed in the Masirah OphiDlite are indicated below 
N. (Fig. 1) but no attempt is made to show the pattern of water circulation. The 
geothermal gradient has been estimated at 170-2000 C/Km (Abbotts. 1978b; 
Chapter 4). 
O. The prescence of massive gabbro screens to within 300-400 m vertically 
of the first pillow lavas at Haql (860505) suggests axial underplating which is 
gradually isolated by continual dyke injection as the underlying magma chamber 
(P) solidifies. 
P. The relationships within the magma chamber are hypoth etical. It has 
been suggested that underplating at the roof will be encouraged by convective 
cooling of the overlying upper crust (e. g. Cann 1974). Cumulate rock textures 
suggest crystal settling on the chamber floor whilst thermometry-barometry 
studies of the cumulates suggest crystallisation temperatures and pressures 
of........., 9300 C and 1-2 Kb (3-6 km). 
R. The geochemistry of the bulk of the cumulate rocks suggests an open system 
where liquid fractionation is inhibited. Magma is probably semi -continuously 
supplied from beneath and released through the roof. The rare silicic rocks (K) 
may represent localised closures of the system and complete crystallisation. 
§.:.. The LREE -enriched characteristic s of the Masirah dykes and gabbros 
suggest 10-15% partial melting of the source peridotite before melt separation. 
This assumes a source with a flat. 2x chondrite REE pattern. Mass balance 
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calculations assuming a total magmatic fraction of 6Km thickness and 12.5% 
melting suggest the original prescence of--'40 Km of harzburgite. This may 
indicate melting in the spinel-lherzolite - lower plagioclase lherzolite stability 
fields. However gross approximations are involved here because of the lack of 
precise knowledge of the REE characteristics of the undepleted source. 
TEC TONIC ENVIRONMENT OF THE MASIRAH SPREADING AXIS 
The study of any fully-developed ophiolite should consider the possibility 
of defining the type of constructive margin represented. The alternatives appear 
to be a major mid-ocean ridge, a smaller "Gulf of Aden" type spreading centre, 
or a back arc basin-island arc environment. In the case of Masirah the 
geological possibilities appear to be (1) correlation with the large Semail Ophiolite 
of the Oman Mountains and formation in the same Cretaceous ocean, situated 
to the NE of Arabia, as that ophiolite or (2) rejection of the correlation and 
generation during an early Indian Ocean spreading episode. 
Chemical studies of the axis sequence dykes-lavas preclude the possibility 
of an island arc environment but are inconclusive in discriminating the spreading 
centre type. Of significance amongst the geological evidence schematically 
illustrated on Fig. 1 are the following:-
1. a thick dyke unit (..-J 1. 8Km); 
2. common gabbro screens amongst the sheeted dykes and a gradual vertical 
, 
transition from 100% dykes to 90-100% gabbro; 
3. the evidence of "off-axis" magmas in the late dykes, the Ras Kaida pluton, 
the dykes cutting the gabbro intrusion into sheeted dykes near Sur -Masirah 
and the occasional dolerite dykes cutting serpentinized harzburgite: 
4. the disrupted nature, which seems to reflect near axis faulting and related 
serpentinite diapirism. 
Cann (l974) suggests that a thicker dyke unit is encouraged by slower 
spreading and the resulting depression of the crustal isotherms. In the case of 
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the MAR there appears to be a correlation between a slow rate of spreading. 
a rifted axial valley. and extensive serpentinite diapirism on both transforms 
and faults parallel to the ridge (Bonatti. 1976; Bonatti and Honnorez. 1976 and 
., 
1978; Dewey and Kidd. 1977). The extensive gabbro screens and evidence of 
"off -axis" magmas on Masirah may indicate a wide zone of intrusion. 
Thus the Masirah Ophiolite appears to bear the characteristics of a slow-
spreading. much faulted. ridge. Present day spreading axes exhibit similar 
features along both the MAR and also in the marginal basins of the Philippine 
Sea (Fountain et al. 1978). and the Sea of Japan - Shikoku Basin area (Kobayashi 
and Isezaki. 1976; Marsh. pers. comm). It appears that neither internal 
geology nor geochemistry can constrain the type of spreading -centre. largely 
because no discriminatory parameters have been set up by study of the modern 
equivalents. 
NON -EQUIVALENCE OF THE MASIRAH AND SEMAIL OPHIOLITES 
Previously it has been suggested that the Masirah Ophiolite should be 
correlated with the Semail Ophiolite of the Oman Mountains. This belief was 
based on geographical proximity and lithological similarity: both contain 
(serpentinised) harzburgite. "gabbros" composed of olivine ~ plagioclase ~ 
clinopyroxene. trondhjemites. a sheeted dyke complex and pillow lavas. 
Subsequently. however. it has been demonstrated that most ophiolites are 
formed of this association (Penrose Conference. 1972). 
Comparison of Masirah with published and verbal reports of the Semail 
Ophiolite suggest the following distinct differences: 
1. The Semail forms an enormous. largely intact. ophiolite resting on a 
horizontal thl'~~t. A tectonic melange is developed along the thrust~ 
whilst beneath this is an exotic limestone-pillow lava association and 
a sedimentary olistostrome unit. All units are sub-horizontal in 
attitude. In contrast the Masirah Ophiolite exhibits a disrupted nature. 
heavily faulted in directions perpendicular and parallel to the sheeted 
dykes and penetrated by serpentinite lenses. The melange which 
terminates the ophiolite to the west appears to be a vertical structure 
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and is formed largely of all ophiolitic ~omponents, with the "extras" 
of cherts and exotic limestones with associated pillow lavas. The 
structure appears to be oceanic in origin and disruption of the complex 
may ~ave an origin both at and near the ocean ridge and during uplift 
as an ophiolite. All faults are sub-vertical and there is no evidence of 
thrusting. The contrast of the two ophiolites probably reflects a 
different mechanism of emplacement but also, possibly, a more rifted 
spreading centre at Masirah. 
2. The Semail is thrust over Mesozoic sediments of the Hawasina formation, 
which include exotic limestones of Mid-late Permain and Late Triassic 
age (Glennie et aI, 1974). The Mesozoic cherts and exotic limestones 
on Masirah are all Lower -Mid Cretaceous (Valanginian-Cenomanian: 
Gl ennie et aI, 1974) and tectonically included within the vertical ophiolite 
melange. 
3. The Masirah axis sequence has "typical" spreading centre trace element 
levels including moderately high Cr (mean of 44 = 303 ppm) and Ni (mean 
of 44 = 91 ppm) values. The Semail, in comparison, has significantly 
lower Ni-Cr levels (Pearce, pers. comm.) Low levels of Ni and Cr 
appear to be developed during wet melting of peridotite, one example 
being in the production of island arc tholeiite basalts. The higher Masirah 
levels may indicate melting away from the influence of subduction and 
the water that subduction introduces into the mantle. 
4. The regular ENE -WSW sheeted dykes on Masirah contrast with the N-S 
trends found in the northern, and possibly southern, parts of the Semail 
Ophiolite (Smewing et aI, 1977; Smewing, pers. comm.; Coleman, pers. 
comm. ) 
5. The Masirah Ophiolite has been intruded by a high-K granite which 
appears to be absent in the Semail (Aldiss, pers. comm). 
It is suggested that these differences reflect distinct origins and emplace-
ment histories for the two ophiolites. 
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PLACE OF ORIGIN AND EMPLACEMENT OF THE MASmAH OPHIOLITE 
Since it seems unlikely that the Masirah and Semail Ophiolite should 
be correlated it is suggested that the Masirah ocean crust may have originated 
during initial (?Mid-Late Cretaceous) ocean floor spreading involved in the 
break-up of Gondwanaland (Abbotts, 1978b; Moseley and Abbotts, 1978; 
Chapter s 4 and 7). Unfortunately the extensive sediment cover of the adjacent 
Arabian Sea - Owen Basin-Indus Cone has prevented the detailed study of the 
basement of this margin of the Indian Ocean that has been made at the Australian 
margin (e. g. Larson 1975 and 1976). Consequently little is known of the 
details of the separation of India from Afro-Arabia. Nonetheless Fig. 3 
indicates the apparent oceanic nature and Late Cretaceous-Lower Tertiary age, 
of much of the northern Indian Ocean-Arabian Sea. It may be significant that 
axis sequence chemistry and an absence of turbidite-type sediments both suggest 
generation distant from subduction zone or continental landmass for Masirah. 
It is suggested that ophiolite uplift into its present position was caused 
by local compression at the plate boundary of continental Arabia and the 
oceanic Indian Ocean plate (Moseley and Abbotts, 1978; Chapter 7). Both 
plates moved north~ards away from Antarctica in the Cretaceous -Tertiary 
but movement may not have been completely parallel and could have involved 
compression at the plate boundary. Relative movement during the Tertiary was 
probably largely accommodated along the Owen Fracture (Whitmarsh et aI, 1976) 
but the importance of this structure becomes less clear in the Late Cretaceous-
Lower Tertiary. Without geophysical evidence it is not possible to tell if actual 
emplacement onto continental crust has occured but the intrusive granites, 
which appear to have been generated by melting of continental crust, may suggest 
this. 
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APPENDIX 1. REPRESENTATIVE PETROGRAPHICAL DESCRIPTIONS 
Locations of all samples used for chemical and 
petrographic analysis are shown in Appendix 5, maps A-H. Each 
description here is headed by a rock collection number (e.g. 
MA136) and a location map letter (e.g. A). Definitive mineral 
names and compositions are provided by microprobe analysis. 
Modal analyses of further speCimens are presented in Appendix 3. 
There is a continual transition throughout all of thegabbroic 
rocks described here. 
1. Serpentinised harzburgite - e.g. HAl36 CA) Plate Aol.a. 
Macroscopic J green-black serpentine matrix' to rectangular 
bronze bastites (after orthopyroxene; ~ 6 x 4 mm). 
Microscopic, general I advanced serpentinization (99%) has 
destroyed any igneous texture. 
Mode I Serpentine (+ magnetite) after olivine • 73.3 (8.9), 
"bastite" • 17.3, spinel. 0.2. 
Olivine I rare relicts (1-2~, < 0.02 mm). 
Serpentine I mesh texture, narrow cross fibres (-- 15%) through 
"massive!type. Chrysotile + lizardite (XRD). Cross-fAbre 
veinlets have magnetite grains concentrated along centres. 
Bastites form perfect orthopyroxene pseudomorphs, preserve 
cleavage and clinopyroxene exsolution lamellae, isolated or 
group with larger spinel grains; rectangular to irregular shape. 
Spinel I dark brown-black; small irregular grains' 0.0) mm, 
rarely' 1.75 mm. 
Deformation J narrow cataclased serpentine 
rotated kinked bastites. 
bands ( , 0.1 mm), 
(a) 
(b) 
Plate A. 1. 1 
Unusually large chrome spinel grain in serpentinised 
harzburgite. XIOl. ppl. X12.5 
Rodingite reaction in a plagioclase-bearing dunite. 
The plagioclase is transformed into a hydro -garnet 
rimmed by chlorite-amphibole. The olivine occurs 
as relicts in serpentinite. MA217 ppl. X12.5 
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2. Serpentinised dunite - e.g. MA2 (B) Plate A.l.b. 
Macroscopic a rounded brown-black serpentinised olivines, 1-5 mm, 
in minor grey intercumulus plagioclase-diopside. 
Mode a olivine (F087) 47.9, serpentine (arter olivine) 31.3, 
plagioclase 6.6, diopsidic clinopyroxene 7.0, chromite 5.1. 
Olivine a rounded grains, unzoned, weak elongation and alignment, 
0.75-3 Mm. 50% serpentinization. 
Plagioclase a unzoned, intercumulus, xenomorphic, 4-5 Mm. 70% 
rodingitized (Degree or rodingitization correlates with that 
or serpentinization.) 
Clinopyroxene I ~resh, poikilitic, 2-4 mm, irregular distribution, 
unzoned, light-brown, minor exsolved orthopyroxene, contemp-
oraneous with plagioclase. 
Spinel I precedes olivine, anhedral equant grains <.5 mm. 
3. Clinopyroxene troctolite e.g. X1JO (B) Plate A.2.a. 
Macroscopic a rhythmic layering, 10-12 mm scale, o~ cumulus 
olivine § cumulus plagioclase. Olivine de~ines weak 
lamination, plagioclase plates good lamination, both parallel 
layering. 
Mode a olivine (F085) 2Q, serpentine 31, plagioclase (An85) 27, 
diopside 12, ore 1. (Olivine rich-layer). 
Olivine I as under dunite, rounded cumulus grains. 
Plagioclase a subhedral cumulus plates, elongate parallel 
albite-carlsbad twins (010), mean size. 3 x 1.5 mm (, 5 x 3 mm), 
~ractured by cracks radiating ~rom serpentinised oliv1nes, 
unzoned, ~resher than in dunites. 
Clinopyroxene I as under dunite, po1ki11t1c, intercumu!us. 
·Plate A. 1. 2 
(a) 'Olivine -plagioclase relationships in a clinopyroxene-
troctolite. Minor olivine serpentinization is shown to 
be an expansive process by the radial fractures of 
the plagioclase grains. XZ72. Xp. XS. 
(b) Olivine gabbro showing good igneous lamination 
defined by olivine, plagioclase and clinopyroxene. 
MAZI. Xp. XS. 
-" 173 -
4. Olivine-gabbro e.g. X131 (B) Plate A.2.b. 
Macroscopic 1 rhythmic layering, 8-10 mm scale, 3-phase 
cumulate (01, pI, cpx),homogenous types also occur; good 
mineral lamination derined by plagioclase (010) plates, elliptical 
olivine crystals, diopside plates, lamination parallels layering. 
Mi roscopic general 1 mode or little use in layered rocks; all 
3 phases subhedral with straight crystal boundaries, £resher 
as olivine decreases in abundance. 
Olivine I 3-4 mm long axis, common simple twins, serpentinization 
20~. 
Plagioclase I £resh plates with good alignment parallel 
layering, variable size (1 • 0.5 - 4 mm, l/w • 411), hair-line 
£ractures with cataclasis common, minor rim zoning (An85-82). 
Diopside I plates unzoned, < 7 x 2 mm. 
5. Pxroxene leucogabbro e.g. MA126 (e) Plate A.3.a. 
Macroscopic I pale grey, unlayered but laminated, 
anorthositic with minor green clinopyroxene. 
Microscopic general I coarse (4-6 mm) hypidiomorphic, 
plagioclase> diopside cumulate. 
Mode 1 plagioclase (An69) 75, diopside 17, uralitic amphibole 
(actinolite + hornblende) 8. 
Plagioclase I dominates rock, subhedral tabular plates aligned, 
6 x 1.5 mm, rare small intercumulus grains « 0.3 mm), minor 
rim zoning. 
Diopside I anhedral-subhedral stumpy prisms, 5 x 1.5 x 1 mm, 
elongate //c, poor alignment, single 100 twins common. 
Plate A. 1. 3. 
(a) Anorthositic gabbro showing good igneous lamination. 
X268. xp. X12.5 
(b) ·Pyroxene gabbro with xenomorphic granular texture. 
MAS4 xp. XS. 
- 174 
Derormation I narrow rractures common, tend to sub-parallel, 
some with minor cataclasis, displacement and granulation or 
crystals, chlorite and epidote veining along some. 
Uralitization I minor (,0%), attacks clinopyroxene margins and 
along cleavage; actinolite, actinolitic hornblende and 
hornblende (all green). Some samples show more extensive 
replacement. 
6. Pyroxene gabbro e.g. Xl86 (e) Plates A.,.b., A.4.a. 
Macroscopic J medium-coarse, massive, grey gabbro. 
Microscopic general I xenomorphic granular (some samples, 
usually cut by dykes, are coarsely sub-ophitic). 
Mode I diopside = '5, plagioclase (AnS,) • 51, hornblende 
(secondary) • 14. 
Plagioclase I anhedral, mutually interrering boundaries, 
3 x 1.5 mm, no alignment, rim normal zoning (AnS3-77). 
Diopside I anhedral prisms to poikilitic, 4 x 2 Mm, common 
100 twins and good 100 cleavage, minor « ,0%) uralitization 
(green hornblende> actinolite). 
Derormation I hair-line fractures, sub-parallel, associated 
kinking or cleavage and twinning or slight granulation 
« 0.1 mm). 
7. Pyroxene gabbro - MA276 (e) 
Macroscopic I medium grain, grey gabbro, screen between 
dolerite dykes. 
Microscopic general I sub ophitic texture. 
Plate A. 1. 4. 
(a) Pyroxene gabbro with xenomorphic granular texture. 
Deformation has caused kink-banding of the bottom 
right clinopyroxene grain. MA54 xp. XS. 
(b) Tonalite composed predominately of saussur.itized 
plagioclase with minor interstitial epidote. 
MA4l7 xp. Xl2. S 
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Plagioclase I subhedral, straight boundaries, 010 elongation but no 
alignment. 
Diopside I anhedral poikilitic plates partially enclosing 
plagioclases, 6 x 5 Mm. 
Hornblende I brown primary hornblende crystallised late, 
prismatic, grows out rrom diopside crystals but is not replacing 
them. 
Opaque I rare, equant, ilmenite grains «0.5 mm). 
8. Pxroxene gabbro - MA272 (e) 
Macroscopic I.medium-coarse, grey gabbro, layering developed 
(discontinuous), parallel lamination and good mineral lineation 
or diopside and plagioclase (rare). 
Microscopic I excellent lineation or 20% diopside prisms~ 
Plagioclase I as above but plates aligned. 
Diopside I 7.0 x 1.0 x 1.0 mm, long axes aligned, minor rim 
uralitization,larger size than plagioclase (. rew nucleation 
centres), subhedral, 100 twinning. 
Derormation a hair-line rractures common. 
9. Tonalite - MA4l7 (D) Plate A.4.b. 
Macroscopic I medium grain, pink screen in sheeted dyke complex. 
similar petrographically to leucogabbro (5). 
Mode I plagioclase 80, epidote 13, amphibole 7. 
Plagioclase a subhedral aligned plates, 2-3mm, partially 
interlocking. 
Epidote a anhedral, interstitial, < 0.5 Mm. (A similar sample 
rrom a gabbroic breccia contained tiny (~O.l mm), high relier, 
zircons). 
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10. Trondhjemite - X308 (n) 
Macroscopic I 3 cm wide vein cutting grey massive gabbro 
which is intruded by < 10; dolerite dykes. 
Mode I plagioclase (albitic) = 47, quartz = 41, calcite + epidote 
= 12. 
Plagioclase I large (3-4 mm) crystals in a £ine-grain quartz 
matrix; sutured margins and quite porphyroblastic in appearance; 
strong zoning. 
Quartz I £ine-grain (0.2 - 0.3 mm) and granulated. 
Veining I quartz-epidote and calcit. veins £ollow lines o£ 
concentrated cataclasis. 
11. Uralitised gabbro e.g. MA246 (C) Plate A.5.a. 
Macroscopic I unlayered, medium-coarse, grey-green gabbro 
intruded by dolerite dykes; greener appearance = altered 
plagioclase + uralitic amphibole. 
Microscopic general I xenomorphic granular •. 
Mode I plagioclase (An7l) = 60, clinopyroxene = 10, secondary 
amphibole = 30. 
Plagioclase I 0.5-2 mm, anhedral, inter£ering boundaries with 
pyroxene, 50; saussuritizationt concentrated along rock 
£ractures, normal zoning (An7l-6l). 
Clinopyroxene I relicts ( < 0.3 mm) in green uralitic 
actinolitic hornblende and hornblende • 
. 
Amphibole I xenomorphic areas occupied by £ibrous amphibole 
« 5 mm), minor £ibrous chlorite intergrown. 
(a) 
Plate A. 1. 5. 
Uralitized ophitic gabbro. 
dykes). Fresh plagioclase 
uralitic amphibole. X156. 
(Screen to sheeted dolerite 
laths within extensive 
xp. X12.5 
(b) Gabbro pegmatite containing clinopyroxene (top-right) and 
plagioclase and showing evidence of mechanical deformation. 
from a narrow vein in serpentinised harzburgit e. 
MA217. xp. X5. 
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Deformation I subparallel shear-planes cause diopside 
kinking; quartz-epidote veins follow some of these, saussuriti-
zation is concentrated along them. 
~I A yariant of this rock type,contains very fresh, small 
( < 0.4 mm), anhedral, plagioclase accompanyimg the same 
uralitized clinopyroxene. The plagioclase grains occur in 
aggregates with mutual triple-junction boundaries and have a 
recrysta11ised appearance. 
12. Clinopyroxene gabbro pegmatite e.g. MA127 CA) Plate A.5.b. 
Macroscopic I pegmatitic grain-size, black (uralitized) clino-
pyroxene (10-30 mm) and grey-white plagioclase (4-8 mm). 
Microscopic, general I xenomorphic, large clinopyroxene plates 
partially enclose smaller plagioclase. 
Mode I clinopyroxene. 20, secondary amphibole. 33, 
plagioclase. 47. (Due to large grain-size, these are very 
approximate.) 
Plagioclase I anhedral with irregular and rounded boundaries, 
much deformed by fractures with associated cataclasis, 60~ 
saussuritization. No apparent zoning. 
Clinopyroxene I subhedral plates (30 x 10 x 10 mm), 60% 
uralitization, from crystal edges and along cleavage and basal 
parting. 
Hornblende I occasional fibrous chlorite is associated. 
Deformation I hair-line fractures, some widening into zones 
« 0.5 mm) of cataclasis, related kink-banding and deformation 
twins in clinopyroxene; fractures followed by quartz-calcite 
veining. 
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Opaque I occasional small « 0.4 mm) oxidised grain. 
~I (1) occasional grain size < 250 mm (2) similar gabbro 
pegmatites intrude the mantle serpentinites, the cumulates and 
the massive gabbro unit (3) occasional varieties possess a 
strong mineral foliation and a flaser-gabbro appearance 
(4) there is a transition to coarse anorthosites, with only 
minor uralitic amphibole accompanying the plagioclase plates. 
13. Metadolerite dyke of the pheeted dyke complex e.g. MA286 (E) 
Plates A.6.a,b; A.7.a. 
Macroscopic I fine-medium grain, homogeneous and massive, 
grey-green, plagiophyric with rectangular white plagioclase 
phenocrysts (2-4 mm) = 20/0 
Groundmass mode I secondary amphibole (+ clinopyroxene relicts) 
• 36 (+ 14), plagioclase = 43, opaque (ilmenite) = 7- Sub-ophitic 
\ 
to intergranular. 
Plagioclase phenocrysts I tabular, 2.5 - 4 mm x 2 mm (l/w = 2 
is indicative of slow growth), zone of resorbtion followed by 
further zoned growth. Core = An85, rim. An53 (similar to 
groundmass laths). Core saussuritization > rim. 
Groundmass plagioclase I subhedral-euhedral laths in uralitic 
matrix; laths form an interlocking network,. each elongate II 010 
(a = 0.1 - 0.8 mm, b • 0.05 - O.OJ mm, c • 0.2 - 2.0 mm, 
llw = 4-16 • rapid growth ); normally zoned (An67-27), 10-50 % 
saussuritization concentrated in calcic core. 
Groundmass clinopyroxene I original sub-ophitic with plagioclase, 
now relicts in amphibole. 
Plate A. 1.6 
(a) -Texture of metadolerite of the sheeted dyke complex. 
Zoned plagioclase laths, clinopyroxene relicts in 
uralitic amphibole, and Fe-Ti ore. X134 xp. X12.5 
(b) Same metadolerite in plane polarized light. 
X134 ppl. X12.5 
Plate A. 1. 7 
(a)' Plagioclase and diopside phenocrysts in a rnetado1erite. 
MA214. xp. X 12.5 
(b) Intersertal basalt lava with plagioclase phenocryst. 
Green pillow lava unit. MAll3. xp. X12.5 
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Uralitic amphibole I fibrous - finely prismatic, actinolite _ 
actinolitic hornblende. 
Chlorite I rare, fine grain, fibrous areas « 0.5 mm), probably 
recrystallised mesostasis. 
Opaque I equant grains or squat prisms (0.1-0.5 mm). 
Sphene: rare irregular grains «0.2 mm). 
Veining I quartz and epidote (0.1-0.4 mm width). 
Notel (1) the dyke groundmass is extremely uniform as 
............ 
described, the main variation in the dykes is in the type(s) 
and proportion(s) of the phenocryst phases, there is a 
variation from aphyric (MAJ67 , map E) to plagiophyric with 49% 
phenocrysts (MA424, map E). Additionally olivine and 
clinopyroxene occur occasionally. Plagioclase phenocrysts _ 
JJ% of samples, olivine and clinopyroxene = 5% of samples and 
only < 2% modally. Olivine « 1.5 mm) usually corroded and 
pseudomorphed by actinolite/chlorite. Clinopyroxene fresher. 
Notel (2) Dykes uniform as described in areas ot 20% to 100% 
concentration. 
14. Metadolerite dyke of sheeted dyke complex e.g. X187 (E) 
Macroscopic I contact of doleri.e dyke and 8" wide gabbro 
screen, dyke very fine grain and black, gabbro = medium-
coarse, pyroxene gabbro. 
Microscopic general I irregular contact, 2-J mm selvages of 
dolerite into gabbro, dolerite very fine-grain «0.01 mm), 
aphyric. 
Groundmass plagioclase I tiny subhedral laths (long axis ~.005 mm), 
zoned, appear fresh. 
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Groundmass clinopyroxene I difficult to estimate clinopyroxenel 
uralitic amphibole proportion but both present. 
Opaque I tiny equant grains ( <'.005 nun). 
~I xl60 contains 2 similar chilled margins to the 50 cm wide 
dyke. 
15.· Green pillow lava e.g. MAl14 (F) Plate A.7.b. 
Macroscopic I well-formed pillowed flow, pillows 40 cm diameter, 
outer 4 nun = darker "glassy" rim, interior = greenish. Radial 
fractures sub-perpendicular to margin. Plagiophyric-phenocrysts. 
even distribution. 
Mode I olivine phenocrysts = 2%, plagioclase phenocrysts = 7;, 
clinopyroxene. 5%, amphibole-4%, plagioclase,26%, chlorite 11%, 
opaque = 8%, remainder = 36% = fine-grain and altered. 
Microscopic general I porphyritic, intergranular groundmass • 
plagioclase laths in fibrous amphibole~chloriteJ fresh areas 
with clinopyroxene show originally sub-ophitic. 
Plagioclase phenocrysts I single or glomerophyric aggregates 
(6-8 crystals), ~ 4 nun, extensive saussuritization, l/w = 2-4, 
subhedral plates. 
Groundmass plagioclase I subhedral laths, 0.4-0.5 mm long, 
interlocking, l/w = 6-10 = more rapid growth, saussuritized, 
zoning st~ll visible. 
Groundmass clinopyroxene I relicts within uralitic amphibole-
chlorite. 
Groundmass opaque I anhedral to prismatic grains « 0.3 nun), 
dark-red (= oxidised?). 
Veining I epidote « 0.5 nun width). 
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16. Red pillow lava core e.g. x245 (F) 
Macroscopic I well-£ormed pillowed £orm; pillows 80 cm diameter; 
outer 3-5 mm = dark green glassy rim, interior = purplish-grey. 
Radial £ractures are sites o£ calcite mineralisation; 
plagiophyric. 
Mode I olivine phenocrysts = 4%, plagioclase phenoorysts (An86) = 
21.5%, plagioclase laths. 13%, rest = 63.5% (. oxidised altered 
groundmass o£ opaque + "smectite" + calcite + zeolite). 
Plagioclase phenoorysts I glomerophyric aggregates (3-20 crystals), 
variation £resh - complete saussuritization, 1 = 4 mm, l/w = 
3-6; resorbed zone followed by further growth. 
Olivine phenocrysts I straight-sided, 1-2 mm, pseudomorphed • 
calcite + ? serpentine. 
Groundmass plagioclase I £resh interlocking laths ~ 0.1 mm 
(l/w. 6-25 = rapid growth). 
Groundmass opaque I small ( < 0.05 mm) equant oxidised grains. 
Groundmass ? smectite I golden-yellow secondary areas, 
associated with calcite, fibrous chlorite, fibrous zeolite. 
Vesicles I '0.75 mm, in£illed with caloite or zeolite. 
Veining I calcite veins < 0.2 mm, rare quartz. 
17. Red pillow lava rim e.g. MA1J9 (F) Plate A.8.a. 
Macroscopic I as £or X245, sample £rom 5 cm into 70 cm diameter 
pillow, inward o£ glassy rim. 
Mode I olivine phenocrysts • 1;, plagioclase phenocrysts = 
26%, clinopyroxene phenocrysts • 2%, groundmass plagioclase'. 
18%, remaining 53% • very £ine grain, altered, inc. opaque, 
calcite, smeotite, zeolite (largely visible in veins and 
vesicles). 
(a) 
(b) 
Plate A. 1.8 
Fine -grained rim of pillow from red pillow lava unit. 
Single and glomerophyric aggregates of plagioclase 
phenocrysts. Groundmass with plagioclase microlites. 
MA143. xp. X5. 
Highly vesicular plagiophyric basalt of the Melange 
Lava Group. Calcite infill of vesicles. Fine-grain 
groundmass with plagioclase laths. MA339 xp. XS. 
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Plagioclase phenocrysts I aggregate and size as £or x245 above, 
extensive saussuritization. 
Olivine phenocrysts I 1-1.5 mm, pseudomorphed by calcite + 
serpentine. 
Clinopyroxene phenocrysts I 1-2 mm, £resh, euhedral. 
Groundmass I quench plagioclase microlites with hollow cross-
sections and "belt-buckle" shapes, 1 < 0.01 mm, l/w ~ 20 
(typical o£ quench plagioclase); in very £ine-grain dark matrix. 
~I all transitions are visible £rom MA139 (= quenched 
vitrophyric outer zone) to X245 (= holocrystalline, sub-ophitic 
interior). The transition involves increasing groundmass 
plagioclase size, change £rom quench microlites to rapidly-
grown laths, and growth o£ other groundmass phases. 
18. Melange basalt e.g. M4154 eFl Plate A.8.b. 
Macroscopic I sheared pillowed basalt substrate below limestone 
block. 
Microscopic general I plagiophyric, groundmass dominated by 
£luidal alignment o£ plagioclase laths. 
Mode I plagioclase phenocrysts • 2%, groundmass plagioclase • 
52~, groundmass opaque. 6%, secondary calcite = 6%, rest = 34%. 
Plagioclase phenocrysts I 2-3 mm, subhedral plates, completely 
s'aussuri tized or replaced by calcite. 
Groundmass plagioclase I £ine-grain laths «( 0.01 mm), strong 
alignment, £low around phenocrysts, set in matrix'or small 
oxidised opaque grains ( < 0.01 mm) and altered? mesostasis. 
Vesicles I large size (" 4 mm), zeolite and calcite in£i11. 
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~I One similar, though finer grain, specimen contained ~ 
30% calcite-filled vesicles. 
19. Shinzi Group basalt e.g. X220Al (F) 
Macroscopic I orange-brown massive basalt occurring in sheets 
1.5-6.0 m thick. 
Microscopic general I sparsely plagiophyric,groundmass 
dominated by fluidal alignment of plagioclase laths. 
Mode I plagioclase microphenocrysts 4, plagioclase 47, opaque 5 
fine grain altered Fe-Mg mineral or mesostasis 44. 
Plagioclase microphenocrysts I single and glomerophyric 
aggregates (4-10 crystals), euhedral-subhedral plates (1.5 x 
0.75 mm), marginal resorption, 90% saussuritization. Narrow 
rim of oscillatory zoning visible. 
Plagioclase laths I 0.5 x 0.05 mm, strong alignment and flow 
around phenocrysts, strongly zoned. 
Opaque I brown oxidised grains, anhedral to prismatic 
( < 0.1 mm, rarely < 1 mm). 
Rest I too fine for identification except occasional clear 
interstitial quartz grains «0.5 mm)J occurrence of quartz 
in narrow veins suggests secondary. 
Deformation I bands of shearing cause kinking of plagioclase 
laths, pre quartz veining. 
20. Shinzi Group trachyte e.g, x2i9 (F) Plate A.9.a. 
Macroscopic I massive light brown flow. 
Microscopic general I p1agiophyric, groundmass • trachytic 
texture of plagioclase laths. 
Plate A. 1.9 
(a) Fluidal textured trachyte with plagioclase phenocryst. 
X 219 xp. X 12. 5 
(b) Cataclas d granite: orthoclase and plagioclase 
"porphyroblasts" in a granulated quartz matrix. 
MA44. xp. X5 
Plate A. 1. 9 
(a) Fluidal textured trachyte with plagioclase phenocryst. 
X2l9 xp. Xl2.5 
(b) Cataclased granite: orthoclase and plagioclase 
"porphyroblasts" in a granulated quartz matrix. 
MA44. xp. X5 
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Plagioclase phenocrysts I single and rare, euhedral, 
saussuritized. 
Plagioclase laths I 0.5 x 0.1 mm, strong alignment, zoned. 
Quartz I interstitial clear areas. 
21. Granite e.g. MA37 (G) 
Macroscopic I leucocratic, quartzo - f'elspathic with < 5% small 
biotite f'lakes. 
Mode I quartz = 39%, orthoclase = 39~, plagioclase = 21; 
biotite 1%. 
Microscopic general I Xenomorphic-hypidiomorphic granular. 
Quartz I anhedral grains, strain-shadowed (0.8-2.0 mm), 
occasionally in areas (4 x 3 mm) of' several grains; rare 
graphic intergrowth with orthoclase, grain boundaries weakly 
sutured. 
Orthoclase I anhedral-subaedral plates (2-3 mm), usually 
untwinned, rarely perthitic, minor suturing of' grain boundaries. 
Plagioclase I 8ubhedral (2-3 mm), more altered than 
orthoclase = cloudy in P.P.L., twinned (albite» carlsbad> 
pericline), limited rim zoning. 
Biotite I small f'lakes « 0.4 mm), even distribution 
throughout, 50~ alteration to chlorite and opaque. 
22. Granite. cataclased variety e.g. MA44 (G) Plate A.9.b. 
Macroscopic I leucocratic, quartzo-f'elspathic rock, strong 
shearing causes almost mylonitic appearance with f'oliation 
def'ined by streaked-out biotite. 
Microscopic general I protomylonitic texture. 
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Mode : quartz = 44~, orthoclase = 34~, plagioclase = 20%, 
biotites = 2%. 
Quartz : granulated, sutured, interlocking, rine-grained 
( < 0.1-0.2 mm). 
Felspar I both orthoclase and plagioclase, as described above, 
rorm porphyroblasts ( < 3 mm) in the granulated quartz matrix; 
sutured grain boundaries. 
Biotite : extensively streaked out and wrapped around relspar 
porphyroblasts. 
Notel there is a transition, through an intermediate micro-
.......... 
breccia stage, between these 2 varieties. 
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APPENDIX 2 I ELECTRON MICROPROBE ANALYSIS 
TECHNIQUE 
Mineral analyses were carried out on the Cambridge 
~nstruments Microscan V electron microprobe analyzer at the 
University or Leicester. Operating conditions consisted or 
an electron gun voltage or 15 kV, an X-ray emergence angle or 
750 , and a specimen current o~ approximately 0.02 mAe obtained 
on the Cu surround or the Faraday Cage. The main machine 
parameters ~or the analyzed elements are listed in Table 1. 
Analyses were carried out by ~ocused beam on carbon-coated, 
polished, thin sections, the standards and thin sections being 
coated simultaneously. The elements were analyzed in pairs, 
commencing with the more volatile Na and K. Standard peaks 
were measured at the start and rinish o~ each pair o~ elements 
and a linear correction made ror drirt. Three counts o~ 20 
seconds were used ror each element, per analysis point, 
except £or Na and K where 5 counts or 10 seconds were made. 
Corrections to the raw data were made with a version or the 
programme MAG~C IV. (Microprobe Analysis General ~tensity 
Corrections; J.W. Colby, Bell Telephone Labs., Pennsylvania), 
modi~ied ror geological use by R.N. Wilson, Geology Department, 
Leicester University. The programme corrects the raw intensities 
£or dead time, background, absorption (Heinrich, Duncomb-Shie1ds, 
Philibert), characteristic fluorescence (Reed), backscatter 
loss (Duncomb), and ionization-penetration loss (Philibert-
Tixier). Oxygen was not analyzed and its concentration is 
determined in the programme by stoichiometry using assumed 
Table 1 I Cambridse Instruments Microscan V Electron Hicro-~robe Anal~zer I machine ~arameters 
0 Ans1es 2Q 
Bkgd. Bkgd. Threshold Window Element Standard Crystal Counter Peak. Std. Spec. E(v) Gatewidth L).E(v) 
CHANNEL 1 
K K<1 CH14(synthetic) Q) Flow 68-04 z.2 z.2 1.6 1..0 
Ca K<1 Wo1lastonite(natural} Q) Flow 60-19 ±2 +~,-2 1.8 1.0 
Ti K<1 CH15(i1menite} Q) Flow 48-)) ±2 ±2 2.3 1.0 
~ 
Fe K<1 Fe(pure) LiF 200 Sealed 57-29 ;±2 ;±2 3.5 1.0 CD ~ 
Mn K<1 Rhodonite (natural) LiF 200 Sealed 62-56 ;±2 ±2 3.5 1.0 I 
Ni K<1 Ni(pure) LiF 200 Sealed 48-)8 ;±2 ;t.2 4.2 1.0 
CHANNEL 2 
Na K<1 Jadeite (natural) RAP Flow .54-1.5 +2,-3 +2,-3 0 • .5 0 • .5 
Si K<1 Wollastonite (natural) KAP Flow 31-05 ;±2 ±2 1.0 0 • .5 
Al K<1 Jadeite(natural} RAP Flow 37-14 +2,-3 +2,-) 0.8 0 • .5 
Mg K<1 MgO(synthetic) RAP Flow 44-)0 +2,-3 +2,-) 0.6 0 • .5 
Cr K<1 Cr(pure) LiF 200 Sealed 69-19 ±2 ±2 2.8 1.0 
RAP - Rubidium aCid phthalate KAP - Potassium acid phthalate 
LiF 200 - Lithium ~luoride. 
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stoichiometric oxide proportions input with the initial data. 
The olivine, pyroxene and amphibole analyses are average 
analyses of 2 to 6 spots on 2 or ) grains in each thin section. 
These minerals were essentially unzoned. The plagioclase 
analyses are single spot analyses because zoning invalidates 
averaged values. Zoning is monitored by the presentation of 
core and edge, and occasionally intermediate, analyses. Up to 
12 points in anyone grain were analyzed when strong zoning was 
found. 
Most of the analyses are accurate to within 2% and the 
lower limits of detection range from about 0.02 to 0.05 wt. ~. 
(Clark, 1978). Total iron is calculated as FeO except for 
plagioclase and the Fe-Ti oxides. 
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ArEendiX 11 - Micro~robe analIses and mineral recalculations 
o major mineral phases 
A. Olivine 
Olivine gabbros 
Sample no. X78 X355 MA76 X131 1272 
S102 40.7'3 42.19 40.98 40.15 39.33 
FeO 14.14 12.70 12.53 12.92 19.75 
MgO 45.95 47.74 47.51 46.68 42.60 
CaO 0.04 0.05 0.04 0.04 0.06 
MnO 0.22 0.22 0.19 0.19 0.33 
N10 0.21 0.29 0.24 0.22 0.20 
Cr203 0.00 0.02 0.01. 0.02 0.00 
Total 101.29 103.21 101.31 100.22 102.27 
O~ 4 4 4 4 4 
S1 1.005 1.013 1.002 '0.997 0.985 
Fe 0.292 0.254 0.257 0.268 0.414 
Mg 1.689 1.708 1.732 1.728 . 1.595 
Oa 0.001 0.001 0.001 0.001 0.001 
Mn 0.005 0.004 0.004 0.004 0.007 
Nt 0.004 0.006 0.005 0.004 0.004 
Fo 85.3 87.0 87.7 86.6 79.5 
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B. Pyroxene I( 
Olivine p;abbros 
Sample no. X78 X355 f{A76 X131 X272 
OPX CPX CPX CPX CPX CPX 
Si02 54.95 52.53 52.99 52.90 52.43 51.42 
Ti02 0.28 0.52 0.24 0.37 0.35 0.97 
A1203 1.63 2.58 2.65 2.95 3.32 2.81 
Cr203 0.44 0.75 1.04 0.93 1.05 0.50 
FeO 9.11 4.06 3.79 3.70 3.71 5.32 
HnO 0.24 0.19 0.16 0.12 0.14 0.14 
r·;.:;o 31.23 16.57 17.20 17.38 16.62 15.76 
CaO 1.42 22.51 22.67 22.86 22.19 22.47 
fJa20 0.01 0.29 0.38 0.29 0.31 0.43 
K20 0.00 0.00 0.01 0.00 0.00 0.00 
Total 99.31 99.99 101.13 101.51 100.13 99.80 
0= 6 6 6 6 6 6 
Si 1.944 1.923 1.917 1.906 1. 911 1.900 
Al 0.056 0.077 0.083 0.094 0.089 0.1no 
Al 0.012 0.034 0.030 0.031 0.054 0.022 
Ti 0.007 0.014 0.007 0.010 0.010 0.027 
Or 0.012 0.022 0.030 0.026 0.030 0.122 
Fe 0.270 0.124 0.115 0.112 0.113 0.164 
Hn 0.007 0.006 0.005 0.004 0.004 0.004 
Ng 1.647 0.904 0.927 0.933 0.903 0.868 
Ca 0.054 0.883 0.879 0.882 0.867 0.B89 
Na 0.001 0.020 0.027 0.020 0.022 0.031 
K 0.001 
pO' 
'u 
83.6 46.2 48.3 45.8 . 46.0 45.1 
Fe 13.7 6.5 6.0 5.8 e.o 8.6 
Ca 2.7 47.3 45.7 48.4 46.0 46.3 
Bro"1.- Diop- Diop- Diop- Diop- Diop-
zite ~:;ide side side side side 
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E. PYTOXp.ne 
Pyrex ;':"'18 f::-:r.bros 
+ 
3Elmple no. I·jA 14 I'·"J.. 17 i·~.A54 I1A67 J.:A1?G 
CPX CPX :;rx CPX CPX 
Si02 51.24 51.63 5?31 51.00 5?,.Q1 
Ti02 0.~8 0.53 0.50 0.71 0.52 
A1203 3.62 3.17 2.33 2.75 2.11 
Cr203 1 • 1 1 1.05 0.72 0.53 0.21 
FeO 3.90 3.81 3.85 6.29 5.21 
I'inO 0.16 0.13 .. -· 0.14 0.17 0.15 
f.1:g0 15.84 16.40 16.69 15.55 16.16 
CaO 22.54 23.46 22.92 22.25 22.20 
Na20 0.28 0.20 0.28 0.37 0.50 
K:?O 0.02 0.01 0.01 0.02 0.04 
Total 99.10 100.38 99.75 99.65 100.01 
0: 6 6 6 6 6 
Si 1.8.95 1. F89 1.921 1.897 1.942 
Al 0.105 0.111 0.079 0.103 0.058 
Al 0.053 0.026 0.022 0.018 0.033 
Ti 0.011 0.015 0.014 0.020 0.014 
Cr 0.033 0.030 0.021 0.016 0.006 
Fe 0.121 0.117 0.118 0.196 0.160 
Nn 0.005 0.004 0.004 0.005 0.005 
I'~ 0.873 0.894 0.914 0.862 0.88l 
Ca 0.893 0.920 0.902 0.886 0.873 
-Na 0.020 0.014 0.020 0.027 0.036 
K 0.001 0.001 0.001 0.002 
~:g 46.3 46.3 47.3 44.3 46.1 
Fe 6.4 6.1 6.1 10.1 8.4 
Ca 47.3 47.6 46.6 45.6 45.5 
Diopside Diopside Diopside Salite Diopside 
Note: + = dyke scre~n 
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B. Pl!0xene 
Pyroxene gabbros 
Sample no. MA175 MA182 X186 + + MA246 
OPX OPX CPX CPX 
S102 51.32 51.61 51.26 51.36 
Ti02 0.35 0.88 0.80 0.66 
A1203 3.46 2.94 2.81 2.56 
Cr203 1.26 0.36 0.12 0.31 
FeO 3.10 6.39 5.19 1.96 
MnO 0.09 0.24 0.16 0.25 
MgO 16.21 15.33 15.84 14.63 
CaO 22.13 21.91 22.81 21.41 
Na20 0.28 0.32 0.32 0.39 
K20 0.04 
Total 98.20 100.04 99.45 99.61* 
o=- 6 6 6 6 
S1 1.905 1.901 1.900 1.918 
Al 0.095 0.093 0.100 0.082 
Al 0.056 0.035 0.025 0.031 
T1 0.010 0.024 0.022 0.018 
Or 0.031 0.011 0.003 0.009 
Fe 0.096 . 0.191 0.161 0.249 
Mn 0.003 0.001 0.005 0.008 
Mg 0.891 0.844 0.815 0.814 
Oa 0.880 0.810 0.908 0.859 
Na 0.020 0.023 0.023 0.028 
K 0.002 
Mg 41.9 44.2 45.0 42.4 
Fe 5.1 10.3 8.3 12.9 
Oa 41.0 45.5 46.1 44.1 
D1ops1de Sal 1 te Diopside Sa11te 
Note: + :I dyke screen 
* total includes 0.02 NiO 
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B·Ezroxene 
Dolerite dykes 
Sample no. MA501 MA502 MA2143 
S102 52.87 51.99 52.14 
T102 0.24 0.20 0.38 
A1203 2.91 3.83 3.79 
Cr203 0.55 1.24 0.85 
FeO 4.23 3.55 3.93 
MnO 0.15 0.12 0.11 
MgO 18.37 17.85 17.99 
CaO 20.44 20.86 20.75 
Na20 0.19 0.20 0.23 
K20 0.01 0.01 
Total 99.95 99.86 100.19 
/ 
0= 6 6 6 
S1 1.922 1.893 1.894 
Al 0.078 0.107 0.106 
Al 0.047 0.057 0.056 
Ti 0.007 0.006 0.010 
Cr 0.016 . 0.036 . 0.024 
Fe 0.129 0.108 0.119 
Mn 0.005 0.004 0.004-
Mg 0.996 0.969 0.973 
Ca 0.796 0.814 0.808 
Na 0.013 0.014 0.016 
K 
Mg 51.8 51.2 51.2 
Fe 6.7 5.8 6.3 
Ca 41.5 . 43.0 42.5 
Endiopside Endiopside End10pside 
1 unzoned microphenocryst 
2 unzoned phenocryst 
3 unzoned phenocryst 
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C. Plagioclase 
Olivine gabbros 
Sample no. X78 - X78 X355 - X355 MA76 - MA76 
Core Edge Core Edge Core Edge 
5i02 47.03 47.49 47.59 47.19 48.14 47.51 
Al203 30.29 30.31 31.90 31.69 33.02 33.21 
Fe20;* 0.23 0.24 0.25 0.26 0.23 0.31 
CaO 11.15 16.79 17.16 17.32 17.02 17.19 
Na20 1.90 2.06 1.91 1.64 1.98 1.96 
K20 0.04 0.04 0.02 0.02 0.03 0.0; 
Total 96.65 96.91 98.84 98.11 100.42 100.21 
0= 32 ;2 32 32 32 32 
31 8.952 9.001 8.848 8.838 8.198 8.716 
Al 6.195 6.170 6.990 6.996 7.11; 7.181 
1e 0.033 0.034 0.035 0.036 0.032 0.042 
Ca 3.498 '3.409 3.419 3.476 ;.333 3.380 
Na 0.702 0.757 0.690 0.594 0.700 0.699 
K 0.010 0.009 0.006 0.005 0.001 0.008 
Or 
Ab 17 18 17 15 11 11 
An 83 82 83 85 83 83 
* Total iron as 1e203 
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c. Plagioclase 
Olivine gabbros 
sample no. X131 - X131 X272 - X272 X272 
Core Edge Core Edge Core 
Si02 48.02 48.01 49.32 49.65 48.60 
A1203 33.43 32.99 31.21 31.20 32.28 
Fe203 0.29 0.30 0.45 0.27 0.50 
CaO 17.54 17.13 15.31 14.83 15.15 
Na20 1.14 2.04 2.86 3.16 2.60 
K20 0.03 0.04 0.06 0.01 0.04 
Total 101.06 100.52 99.27 99.28 99.11 
0= 32 32 32 32 32 
Si 8.173 8.777 9.091 9.135 8.925 
Al 1.165 1.108 6.181 6.781 6.987 
Fe 0.040 0.041 0.063 0.038 0.069 
Ca 3.411 3.356 3.036 2.923 3.099 
Na 0.613 0.725 1.022 1.125 0.925 
K 0.001 0.010 0.013 0.016 0.009 
Or 
Ab 15 18 25 28 23 
An 85 82 75 12 17 
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C. Plagioclase 
Pyroxene gabbros & leucogabbros 
sample no. MA14 - MA14 MA11 - MA17 MA54 - MA54 
Core Edge Core Edge Core Edge 
5102 45.45 45.45 48.14 48.05 46.58 48.59 
A1203 33.72 33.49 33.09 33.15 32.37 32.60 
Fe203 n.d. n.d. n.d. n.d. n.d. n.d. 
CaO 16.73 18.52 16.44 16.50 16.96 13.94 
Na20 1.74 1.90 2.31 2.25 1.94 2.31 
K20 0.03 0.03 0.04 0.05 0.02 0.02 
Total 97.67 99.39 100.01 100.00 97.87 97.45 
0= 32 32 32 32 32 32 
S1 8.548 8.465 8.821 8.806 8.745 9.040 
Al 7.474 7.351 7.145 7.161 7.162 7.148 
Fe 
Ca 3.372 3.695 3.226 3.241 3.412 2.779 
Na 0.635 0.688 0.819 0.800 0.705 0.834 
K 0.008 0.008 0.008 0.011 0.004 0.004 
Or 
Ab 16 16 20 20 17 23 
An 84 84 80 80 83 77 
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C. Plagioclase 
Pyroxene gabbros & leucogabbros 
Sample no. MA67 - MA67 MA126+- MA126 MA182 - MA182 
Core Edge Core Edge Core Edge 
Si02 48.11 49.88 51.32 51.41 48.95 49.08 
A1203 :32.18 31.09 :30.88 30.83 :32.12 32.:32 
Fe203 n.d. n.d. 0.2:3 0.11 0.39 0.40 
CaO 16.65 15.39 14.21 14.15 16.:31 15.24 
Na20 2.26 2.96 3.56 3.69 2.43 2.59 
K20 0.03 0.06 0.04 0.03 0.05 0.24 
Total: 99.23 99.38 100.24 100.22 100.24 99.87 
0= 32 32 32 32 32 32 
S1 8.891 9.166 9.321 9.:3:36 8.952 8.988 
Al 7.009 6.734 6.610 6.599 6.923 6.975 
Fe 0.032 0.015 0.054 0.055 
Ca 3.291 3.031 2.165 2.754 3.196 2.991 
lIa 0.810 1.055 1.252 1.300 0.861 0.920 
K 0.007 0.015 0.009 0.007 0.011 0.056 
Or 1 
Ab 20 26 31 32 21 24 
An 80 74 69 68 79 75 
+ Screens between dolerite dykes 
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c. Plagioclase 
Pyroxene gabbros & leucogabbros 
+ 
';Z186 Sample no. ~_X186 - MA246+ - MA246 X268 - X268 
Core Edge Core Edge Core Edge 
S102 48.08 49.03 50.75 53.20 51.51 50.94 
Al203 32.81 32.56 30.93 29.55 29.85 30.09 
Fe203 n.d. n.d. 0.36 0.40 n.d. n.d. 
CaO 16.12 16.09 14.11 12.83 13.64 14.00 
Na20 2,53 2.64 3.31 4.45 3.55 3.61 
K20 0.03 0.04 '0.05 0.06 0.12 0.13 
Total 99.64 100.31 100.16 100.48 98.68 98.76 
0= 32 32 32 32. 32 32 
S1 8.842 8.942 9.246 9.608 9.478 9.381 
Al 7.124 6.999 6.642 6.289 6.472 6.534 
Fe 0.050 0.055 
Ca 3.176 3.144 2.871 2.482 2.689 2.764 
Na 0.904 0.935 1.190 1.558 1.265 1.289 
I: 0.008 0.010 0.011 0.013 0.029 0.030 
Or 1 1 
Ab 22 23 29 39 32 32 
An 78 77 71 61 67 67 
+ Screens between doler1te dykes 
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c. Plagioclase 
Pyroxene gabbro 
Sample no. MA115 
-
MA115 
Core Edge 
S102 46.14 46~96 
A1203 31.60 31.34 
Fe203 n.d. n.d. 
CaO 11.26 11.03 
Na20 1.16 1.18 
K20 0.02· 0.02 
Total 91.38 97.14 
0: 32 32 
51 8.821 8.816 
Al 7.028 6.981 
Fe 
Ca 3.491 3.448 
Na 0.645 0.653 
K 0.005 0.005 
Or 
Ab 16 16 
An 84 84 
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C. Plagioclase 
Dolerite dykes 
Sample no. MA501 M.A502 MA50;- MA50 MA504- MA50 
Core Core Core Edge Core Edge 
S102 54.45 54.12 48.65 51.18 48.21 55.80 
A120; 26.92 26.96 ;1.48 29.04 ;0.61 26.02 
F&203 0.68 0.72 0.;8 0.60 0.40 0.59 
CaO 11.50 11.28 15.69 1;.86 16.39 10.;0 
Na20 5.05 5.02 1.53 3.64 2.12 5.09 
K20 0.09 0.08 0.0; 0.05 . 0.03 0.08 
Total 98.68 98.17 97.76 98.;6 97.75 97.88 
0= 32 ;2 ;2 ;2 ;2 ;2 
S1 9.98; 9.969 9.067 9.479 9.042 10.246 
.A.l 5.818 5.85; 6.915 6.;;8 6.767 5.6;0 
Fe 0.093 0.099 0.0;4 0.084 0.056 0.082 
Ca 2.259 2.226 ;.132 2.750 ;.295 2.026 
Na 1.795 1.79; 0.553 1.;06 0.769 1.81"3 
K 0.020 0.020 0.006 0.011 0.006 0.018 
Or 1 1 
Ab 44 44 15 ;2 19 47 
An 55 55 85 68 81 5; 
1 - 2 Groundmass laths 3 - 4 Zoned phenocrysts 
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C. Plagioclase 
Doler1te dykes 
Sample no. MA2145- MA2146 MA2147 MA2148- MA214 
Core Edge Core Core Edge 
8i02 51.13 54.73 55.61 47.58 52.77 
A1203 29.45 28.37 27.65 33.33 29.38 
Fe203 n.d. n.d. n.d. n.d. n.d. 
CaO 13.61 11.07 10.47 17.17 12.65 
Na20 3.74 5.42 5.76 1.85 3.89 
K20 0.02 0.07 0.04- 0.01 0.02 
Total 97.95 99.66 99.52 . 99.94- 98.70 
0= 32 32 32 32 32 
81 9.483 9.908 10.058 8.736 9.659 
Al 6.436 6.052 5.893 7.213 6.338 
Fe 
Ca 2.704- 2.148 2.030 3.377 2.481 
Na 1.345 1.902 2.020 0.660 1.381 
K 0.006 0.016 0.009 0.003 0.004 
Or 
Ab 33 47 50 16 36 
An 67 53 50 84 64 
5 - 6 - 7 Groundmass laths ~Zoned phenocryst 
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C. Plagioclase 
Dolerite dykes 
MA2149- X214 1O,_ 
11 
Sample no. MA214 X214 
Core Edge Core Core 
Si02 47.60 47.40 52.91 53.15 
A1203 33.10 33.57 27.75 27.50 
Fe203 n.d. n.d. n.d. n.d. 
CaO 16.93 17.06 12.05 11.79 
Na20 1.91 1.89 4.71 4.66 
K20 0.01 0.02 0.10 0.12 
Total 99.55 99.95 91.53 97.22 
0= 32 32 32 32 
S1 8.768 8.704 9.819 9.881 
Al 7.186 7.264 6.070 6.025 
Fe 
Ca 3.342 3.356 2.396 2.347 
Na 0.681 0.675 1.695 1.681 
K 0.002 0.006 0.024- 0.028 
Or 1 1 
Ab 17 11 41 41 
An 83 83 58 58 
9phenocryst 10 - 11Groundmass laths 
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C. ptiag10clase 
Doler1te dykes 
Sample no. MA266 - MA266 12 MA26613 MA26614 
Core Edge Core Core 
S102 54.94 61.68 53.12 56.45 
A1203 26.57 26.24 27.31 25.50 
1e203 n.d. n.d. n.d. n.d. 
CaO 11.02 4.72 11.99 9.37 
Na20 5.32 6.85 4.60 5.65 
K20 0.09 0.13 0.07 0.11 
Total 97.93 99.62 97.08 97.08 
0= 32 32 32 32 
S1 10.111 10.873 9.890 10.408 
Al 5.763 5.451 5.992 5.541 
Fe 
Ca 2.173 0.891 2.392 1.850 
!fa 1.899 2.343 1.662 2.019 
K 0.022 0.029 0.01. 0.026 
Or 1 1 1 
Ab 46 72 41 52 
An 53 27 59 48 
12 - 13 - 14Zoned groundmass laths 
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C. Plagioclase 
Red pillow lavas 
Sample no. X245P1 1 - X245P1 X245P1 2 
Core Edge Core 
Si02 47.07 47.80 47.85 
A1203 33.16 32.00 32.29, 
Fe203 n.d. n.d. n.d. 
CaO 17.64 16.58 16.83 
Na20 1.62 2.16 1.99 
K20 0.02 0.04 0.04 
Total 99.52 98.58 99.00 
0= 32 32 32 
S1 8.695 8.891 . 8.863 
Al 7.217 7.014 7.049 
Fe 
Ca 3.491 3.304 3.340 
Na 0.582 0.779 0.714 
K 0.006 0.009 0.010 
Or 
Ab 14 19 18 
An 86 81 82 
1Sl1ghtly zoned phenocryst 2 Unzoned m1crophenocr,yst 
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D. Amphibole (including + 
Pyroxene gabbros & leucogabbros dyke screens) 
MA54 X18l MA126+ + sample no. MA246 
1 2 1 2 1 2 
Si02 44.77 47.34 43.71 54.31 46.99 51.70 47.29 
T102 0.04 0.07 3.31 0.19 0.42 0.49 0.37 
.11203 13.34 . 9.42 12.35 :2;98 ,,.0.45 4.14 10.81 
Cr203 0.04 0.18 0.20 0.12 0.03 0.12 
FeO 9.77 8.53 8.03 6.70 8.58 12.20 11.26 
MnO 0.17 0.16 0.11 0.13 0.12 0.18 0.10 
MgO 14.79 16.23 15.47 20.05 16.79 15.43 14.61 
CaO 12.64 12.52 12.25 12.42 11.84 12.07 12.06 
la20 2.51 1.64 2.31 0.59 2.04 0.73 2.60 
K2P 0.08 0.08 0.65 0.08 0.24 0.02 0.11 
liO n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Total 98.15 96.17 98.39 98.39 97.57 97.08 99.22 
0= 23 23 2, 23 23 23 23 
S1 6.451 6.884 6.278 7.62~ 6.745 7.497 6.754 
Al 1.549 1.116 1.722 0.376 1.255 0.503 1.246 
.11 0.716 0.499 0.369 0.116 0.512 0.204 0.574 
Ti 0.005 0.008 0.358 0.020 0.045 0.054 0.039 
Cr 0.005 0.021 0.023 0.01, 0.004 0.014 
Fe 1.177 1.037 0.964 0.786 1.030 1.480 1.345 
Mn 0.021 0.020 0.013 0.015 0.015 0.022 0.012 
Mg 3.176 3.517 3.313 . 4.195 3.592 3.335 3.111 
Ca 1.951 1.951 1.885 1.868 1.821 1.875 1.846 
la 0.702 0.462 0.644 0.161 0.566 0.206 0.721 
K 0.015 0.014 0.119 0.015 0.044 0.003 0.020 
Mg 50.4 54.1 53.8 61.3 55.8 49.9 49.4 
Fe 18.7: 15.9 15.6 11.4 16.0 22.1 21.3 
Oa 30.9 30.0 30.6 27.3 28.2 28.0 29.3 
*1 Horn- Horn- Horn- Actin- Horn- Actin- Horn-
blendic blendic blendic olitio blendic olitic blendl0 
horn-
blende 
*1 Actino1i tio • .11 replaoement of S1 in unit formula:. < 0.500 
Homblendic = .11 " of S1 1n uni t formula = ~ b. 500 
<2.000 
following Deer et a1, 1963. 
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•. « 
D. AmJ2hibole 
Dolerite dykes 
sample no. M.A50 MA214 X214 MA266 
1 2 
Si02 51.69 50.20 '.43.19 48.61 49.61 
TI02 0.35 0.56 3.38 0.42 0.70 
A1203 3.95 5.60 10.83 4.64 6.28 
Cr203 0.08 0.23 0.07 0.02 0.09 
FeO 17.60 13.65 11.23 . 15.56 14.58 
MnO 0.48 0.23 . 0.17 0.27 0.27 
MgO 13.44 14.39 13.81 14.60 13.25 
CaO 9,89 11.82 11.77 11.65 12.20 
Na20 0.56 0.63 2.42 0.51 0.49 
K20 0.09 0.07 0.57 0.08 0.04 
NI0 n.d. n.d. n.d. 0.07 0.03 
Total 98.11 97.38 97.45 96.42 97.54 
0= 23 23 23 23 23 
S1 7.557 7.311 6.362 7.252 . 7.256 
Al 0.443 0.683 1.638 0.748 0.744 
Al 0.238 0.280 0.243 0.067 0.338 
Ti 0.038 0.062 0.374 0.047 0.078 
Cr 0.009 0.026 0.009 0.003 0.010 
Fe 2.151 1.664 1.383 1.941 1.784 
Mn .0.059 0.028 0.021 0.034 0.033 
Mg 2.928 3.126 3.032 3.246 2.889 
Ni 0.008 0.003 
Ca 1.549 1.846 1.858 1.862 1.911 
Na 0.159 0.178 0.691 0.149 0.140 
K 0.016 0.013 0.107 0.016 0.007 
Fe 32.4 25.1 22.1 26.1 27.1 
Mg 44.2 47.1 48.3 47.5 43.9 
Ca 23.4 27.8 29.6 26.4 29.0 
Actin- Actin- Horn- Actin- Actin-
olltlc olltlc blendlc olltic olltlc horn- horn- horn-
blende blende blende 
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E. Fe-Ti oxides 
Gabbro screen Dyke 
Sample no. MA246 MA246 MA214 
Mt 11m 11m 
5i02 0.15 0.01 n.d. 
FeO 30.62 44.19 42.54 
Fe203 61.29 0.64 0.62 
Ti02 0.76 51.91 48.06 
A1203 0.36 0.05 1.44 
Or203 2.93 0.05 0.04 
MnO 0.07 2.40 0.73 
MgO 0.06 0.80 
Total 96.18 99.43 94.23 
0= 32 32 32 
S1 0.063 0.020 
Fe 29.594 10.144 10.187 
Ti 0.236 10.589 10.280 
Al 0.177 0.018 0.482 
Or 0.956 0.010 0.009 
Mn 0.023 0.552 0.177 
Mg 0.002 0.024 0.340 
TOC 340 
Mt - magnetite 11m - ilmenite 
0 FeO, Fe203, T C calculated from Buddington & Lindsley, 1964. 
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APPENDIX 3 Modal Analyses 
Quantitative point-count analyses include at least I, 000 points and 
are shown as percentages. Multiple analyses provide a check on reproduc-
ibility. Qualitative analyses indicate major rock-forming phases. Included 
are most samples for which whole-rock or mineral chemistry analyses are 
presented. Sample locations are shown in Appendix 5; a brief field 
description is included here. 
3A. SERPENTINITES & CLINOPYROXENITE 
SampJe No. n. Seq~entine & 0Ea9.ue * Bastite SerEentine C Ii nOEyr oxe ne SEinel Field descriEtion 
after Olivine after Orthopyroxene 
MA 11 X X X X Serpentinite block in 
gabbro. 
MA 31 1500 73.3 8.9 17.3 0.5 Serpentinite block in 
1500 77.4 6.8 13.4 2.6 gabbro. 
1500 74.7 7.3 17. 1 0.9 
N 
MA 100 1175 83.8 8. 1 4.3 0.9 2.9 Extensive area of a \.0 
weathered serpentinite 
X 101 X X X X Serpentinite cut by gabbro 
dykes 
MA 103 1400 76. 1 7.2 14.7 2.0 Extensive area of 
weathered serpentinite 
MA 110 1365 74.0 9.9 9.5 4.0 2.6 As above 
MA 117 1600 82.6 6. 7 8. 3 2.4 Serpentinite beneath 
dunite cumulate 
MA 135 1000 75.0 8.8 15.4 0.8 Serpentinite cut by gabbro 
MA 136 1482 74.6 7.8 15.9 1.7 As above 
X 220 X X X X As above 
X 6 X Dyke in serpentinised 
harzburgite 
Note: * Qualitative XR.D analysis, following the method of Aumento (1970), indicates lizardite and 
chrysotile, with the former dominant. 
*1 
.3B. PLAGIOCLASE DUNITES & MELA-OLIVINE GABBROS 
SamEle Olivine Ortho- Clino-· AmEhi- .Plagio- Opaque .serEentine & Magnetite Field Description No. n. . bole clase after Olivine .pyroxene ·Eyroxene 
MA 2 2000 51. 4 8. 3 5.4 7.9 27.0 Dunite cumulate block 
MA 16 X X X Layered gabbros 
MA l6A 2150 39.4 25.6 4.6 30.4 Ultramafic cumulate 
M 16B 2200 24.6 22.0 2.7 50.7 As above 
N 
M 20 X X X X X As above ~ 0 
X 78 X X X X X Layered cumulates I 
X130 2000 23. 1 12. 1 26.7 1. 0 31. 3 As above 
2000 27.7 9.7 28.0 2.4 32.2 
MA174 X X X X .. X Interlayered ultramafic 
gabbro cumulates. 
MA2l7 2150 42. 1 40.0 17.9 Block in harzburgite 
X224 X X X X Block in px-gabbro 
X233 2000 47.9 7.0 2. 1 6.6 5. 1 31.3 Layered cumulates 
MA251 X X X X X Ultramafic hill cut by 
gabbro pegmatite 
X280 2000 5.7 20.7 0.2 73.4 Block in gabbro 
2000 1.0 21.2 0.6 77.2 
2000 2.9 25.0 72. 1 
Note: *1 In all plutonic samples, and particularly gabbro pegmatites, coarse grain-size and layering inhomogeneities 
reduce precision of modal analyses. To partly counteract this n. was increased. 
3B. contd. PLAGIOCLASE DUNITES & MELA-OLIVINE GABBROS*l 
SamEle Olivine Ortho- Clino- AmEhi- Plagio- °Eaque 
SerEentine & Magnetite Field Description No. n. bole clase after Olivine EYroxene pyroxene 
X283 X X X X Layered cumulates 
X286 1800 1. 8 0.7 83. 1 14.4 As above 
X355 2200 11.7 1.5 17.9 31. 0 37.9 Layered cumulates 
MA378 2150 55.4 2. 1 25. 1 18.4 Block in gabbro cumulate s 
2150 49.6 4. 1 26.4 19.9 
*1 Note: In all plutonic samples, and particularly gabbro pegmatites, c,?arse grain-size and layering inhomogeneities N ~ 
~ 
reduce precision of modal analyses. To partly counteract this n. was increased. 
3C. LEUCO-OLIVINE GABBROS 
Sample Olivine Ortho- Clino- AmEhi- Plagio- Opaque SerEentine & Magnetite Field Description n. bole clase after Olivine Eyroxene Eyroxene No. 
MA 21 X X X Layered cumulates 
X 71 2000 17.7 3. 1 2.9 3.4 72.9 II 
MA 76 1750 7.0 9.7 63.2 20.1 Layered cumulates, 
1750 7.6 12.8 63.0 16.4 intruded by dolerite 
1750 10.9 11. 0 65.1 13.0 dykes 
X131 13. 1 12. 1 55.4 9.4 Layered cumulates 
} N 
X156 2100 0.8 13.5 18.9 63.4 3.4 ~ 
N 
X160 X X X X X Gabbro (50%) cut by 
. dolerite dykes (50%) 
·MA175 2000 3.4 26.9 8.8 60.9 Layered cumulates 
X180 2000 4.7 27.9 67.4 Gabbro cut by dolerite 
dykes 
X235 X X X X Gabbro cut by rare 
dolerite dykes 
X272 16.4 9. 1 69.8 4.7 Layered cumulates 
X287 2000 22.8 2. 6 3.7 70.9 II 
3D. PLUTONICS: "LEUCO GABBROS" (AL203> 21 %) 
Sample No. n. Clinopyr oxene Amphibole Plagioclase Opaque Epidote Sphene Rest Field Description 
MA 9 1900 18.7 1.2 80. 1 Homogenous gabbro 
X 10 X X Pegmatite 
MA 14 X X X X Coar se homogenous gabbro 
M 21 X X As above 
M 22 X X X As above 
MA 57 X X X X Cumulate cut by doler~te 
dykes N 
-MA 98 17.4 7.9 74.7 Homogenous gabbro VI 
MA 99 2000 19. 6 76. 1 4.3 Homogenous gabbro 
X120 "1850 14.4 12.2 73.4 Homogenous gabbro 
MA126 X X X Layered cumulate 
X132 2000 2.0 6. 1 89.9 2.0 Homogenous gabbro 
2000 6.7 9.8 81. 7 1.8 
MA173 2100 24.6 85.4 Layered cumulate 
X189° X X X Screen to dolerite dykes 
X247 1750 16.2 13.7 70. 1 Gabbro (90%) cut by dykes 
1750 17. 6 5.9 76.5 Homogenous area 
X268 X X X X Layered cumulate 
Note: 0 Gabbro screens 
3D. contd. PLUTONICS: "LEUCO GABBROS" (AL203> 210/0) 
Sample No. n. Clinopyroxene Amphibole Plagioclase Opaque Epidote Sphene Rest Field Description 
X24l X X X Vein in gabbro 
. MA276° 1750 14.9 85. 1 Layered cumulate cut by 
1750 9.8 90.2 dolerite dykes (10%) 
* X288 X Layered cumulates 
MA376 1950 7. 1 3.5 88.4 1.0 Layered cumulates 
MA433 X X Brecciated gabbro 
MA444 1950 87.7 11.9 0.4 Screen to dolerite dykes N 
~ 
~ 
Note: * Complete rodingitization 
0 
I 
Gabbro screens 
3E. PLUTONICS : GABBROS (INC. SCREENS T9 DOLERITE DYKESo ) 
Sam:ele Clinopyroxene Amphibole( s) Plagioclase Opaque ~idot~ Chlorite Rest Field Description No. n. --_._._-
M 6 X X X X X Layered cumulate 
MA 7 1900 26. 1 9.8 64. 1 Pegmatite intrusion in 
cumulates 
MA 8 2200 32.3 2. 1 65.6 Homogenous gabbro 
M 9 X X X X *1 Homogenous gabbro 
MA 17 2000 37.6 62.4 Layered cumulate 
M 23Co 2000 26.7 15.7 57.6 Screen to dolerite dykes I\) 
~ 
M 23Do X X X X Screen to dolerite dykes \.TI 
X 26 X X X X X X *2 Xenolith in granite 
MA 30A X X X X 
M 31 2000 35.7 64.3 Xenolith in granite 
X 34 2050 48.7 47.4 3.9 Xenolith in granite 
X 40 X X X Homogenous massive gabbro 
M 46 X X X HQmogenous mas sive gabbro 
M 47 2000 33. 1 8.3 58.6 Layered cumulate 
M 48 X X X Layered cumulate 
MA 53 1950 37.8 6.4 49.6 4.3 1.9 Homogenous cumulate 
Note: *1 Apatite 
*2 Includes biotite, quartz, apatite 
~E. PLUTONICS : GABBROS (INC. SCREEJ~STQ ~OLEItITE:J)YI<~So) contd. 
SamEle Clinopyroxene ,Arnphibole(s) Plagioclase Opaque Epidote <;::hlorite Rest Field Description No. 
MA 54 2000 34.9 13.8 51. 3 Layered cumulate cut by rare 
2000 38.4 11. 0 50.6 thin dolerite dyke s 
MA 65 2200 26.6 1.9 61.5 Layered cumulate cut by rare 
dolerite dykes 
MA 67 X X X Layered cumulate cut by rare 
dolerite dykes 
MA 73 1800 1.9 35.8 61. S 0.8 Layered cumulate cut by rare 
dolerite dykes 
MA 96. X X X Homogenous gabbro N 
~ 
Xl02 X X Sheet in serpentinite (harz- 0\ 
burgite) I 
MA124 X X X X X Homogenous gabbro 
MA130 2000 31. 7 8.4 59.9 Homogenous gabbro cut by 
gabbro pegmatite 
MAlSl X X X X Pegmatite in harzburgite 
MA154 X X X Screen to dolerite dykes (50%) 
MA182 2000 25.4 10.5 64. 1 Layered cumulate 
X186° X X X 6" screen to dolerite dykes 
(80%) 
X195° X X X Gabbro with dolerite xenoliths 
I I, 
3E. PLUTONICS : GABBROS (INC. SCREENS TO DOLERITE DYKESo ) contd. :il iii 
SamEle 
il 
C linopyr oxene .Amphibole ( s) Plagioclase Opaque .Epidote Chlorite Rest Field Description !i No. n. 
MA205° X X Screen to dolerite dykes 
MA23So X X X Layered gabbro cut by dolerite I 
dykes, layering and dykes 
parallel. 
MA246° X X X X Homogenous massive gabbro 
MA250 X X X X X Gabbro cut by dolerite dykes 
(50%) 
MA254° 1750 lS.4 12.7 6S.9 Screen to dolerite dykes (60%) I 
MA2600 1750 17.4 19.4 63.2 Screen to dolerite dykes (50%) 
X263° X X X Gabbro cut by dolerite dykes 
(SO%) I . 
X265 1900 15.S 4.9 72.S 6.5 N ~ 
1900 17.9 2. 1 72.9 7. 1 Layered cumulates ~ I 
1900 13. 1 5.5 79.4 2.0 
X270 2150 30.5 6S.6 0.4 0.5 Layered cumulates, 
MA272° 2000 9. 6 30.3 60. 1 Screen to dolerite dykes (90%) 
2000 12.S 2S.9 5S.3 
2000 7. S 34. 1 5S. 1 
X294 X X X X Massive gabbro 
3E. PLUTONICS: GABBROS (INC. SCREENS TO DOLERITE DYKESo ) contd. 
Sample 
No. 
X308 
MA321 
X347 
X349 
MA365° 
MA372 
MA407 
MA4l7° 
n. 
2000 
2000 
1950 
Note: 
Clinopyroxene Amphibole(s) Plagioclase Opaque Chlorite Q3 Rest Field Description 
*1 
*2 
*3 
*4 
22.9 20.7 
X X 
Epidote 
Thulite (Manganese zoisite) 
64. 1 32.3 3. 6* 1 6" vein intruding darker 
gabbro 
C Mylonised outcrop 
*2 X Pink lense in mas sive gabbro 
X Basic mylonite 
X *3 
Gabbro cut by dolerite dykes 
(30%) 
Layered cumulate I\) 
~ 
Matrix to darker gabbro in CD, 
magmatic gabbro breccia. I 
*4 19.8 Screen to dolerite dykes (90%) 
Plagioclase total includes some k-felspar, rest = sphene, epidote, minor zircon 
Mainly epidote), amphibole 
iI 
I: 
,'I 
1'1 
3F. GABBRO PEGMATITES 
Sample No. 
M 3 
x 4 
MA 7A 
XlI 
MA32A 
MA109 
MA127 
MAl50 
MAl68 
MA297 
n. 
1900 
2000 
2000 
1900 
1900 
1900 
1900 
C linopyr oxene 
x 
14. 1 
x 
JX 
19.4 
20.2 
14.0 
21. 3 
X 
*1 Amphibole 
x 
37.8 
x 
44.5 
X 
32. 0 
32.9 
40.3 
29.7 
53.3 
X 
Plagioclase 
x 
48. 1 
x 
54.8 
X 
47.7 
47.7 
45.7 
49.0 
46.7 
X 
X 
Opaque 
x 
0.7 
X 
0.9 
*2 Rest 
X 
X 
Note: * 1 Includes obvious "uralitic" pale green fibrous amphibole and 
dark green-brown prismatic amphibole which might be primary. 
*2 Includes epidote-zoisite, sphene, quartz, epidote 
Field Description 
Extensive area in gabbros 
Veins cutting serpentinite 
(harzburgite) 
Vein cutting gabbro cumulate 
Extensive area in cumulate 
gabbros 
Intruding massive gabbro, 
intruded by granite 
Boss in serpentinite (harz-
burgite) 
Small hills through alluvium 
N 
..... 
\D 
Sheared outcrop in serpentinite 
(har z bur gi te ) 
Homogenous, massive. area 
Coarse screens cut by dolerite 
dykes 
'Ii 
:1 
n 
3G. METADOLERITES, MAINLY OF SHEETED DYKE COMPLEX 
"~I 
f 
PHENOCRYSTS GROUNDMASS 
Sample No. n. 01' ~l IVlne Plagioclase 
I Amphibole( & 
Clinopyroxene clinopyroxene Plagioclase Qpa~e _Sphene Fi~ld Description 
relicts) 
M17 1500 54.3 42.0 3. 7 Dykes intrude gabbro 
1500 51. 1 46.9 2.0 (screens - 30%) 
1500 52.9 42.7 4.4 
M 23A X X X As above 
M 23B X X X As above 
N 
X 29 1450 54.3 41. 6 1.0 3. 1 Xenolith in granite ~ 
MA 33 X X X X Xenolith in granite I 
MA 42 1500 1. 7 48.7 44.4 3.3 1.9 Xenolith in granite 
X 43 1400 5.4 55.7 31. 7 7.2 Low hills through 
alluvium 
MA 46 X X X X Massive outcrop 
MA 50 X X X X Massive outcrop 
MA 53 X < X X X X Massive outcrop 
MA 58 1600 0.9 56. 1 37.6 5.4 Dykes (5%) intruding 
layered cumulates 
MA 60 X X X Dykes (5%) intruding 
Note: *1 Olivine phenocrysts pseudomorphed by amphibole - chlorite layered cumulates 
*2 Dolerite dykes cutting green pillow lavas 
3G. contd. METADOLERITES, MAINLY OF SHEETED DYKE COMPLEX 
Sample No. n. 
X134 1490 
X142 
X176 1400 
MA206 
X214 
MA214 
X215 
1400 
1400 
1500 
1600 
1600 
1600. 
Note: *1 
*2 
PHENOCRYSTS GROUNDMASS 
Oliv1Ae Plagioclase 
. I AmEhibole{& 
Clinopyroxene clinoEyroxen~ Plagioc!as~ 
7.6 
4.9 
X 
4.6 
2.7 
4.8 
0.6 
relicts) 
49.6 
X (X) 
49.7 
55. 6 
49. 1 
19. 7{18. 2) 
X 
45. 1 
50. 1 
46.4 
X (X) 
Olivine phenocrysts pseudomorphed by amphibole - chlorite 
Dolerite dykes cutting green pillow lavas 
34.0 
X 
47.4 
41. 1 
46.3 
50. 1 
X 
42.2 
39.4 
43. 1 
X 
Opaque Sphene 
8.8 
X 
2.7 
3.3 
4.6 
6. 0 
X 
7.4 
7. 8 
5. 7 
X 
Field Description 
Low hills of 100% 
dykes 
Low hills of 100% 
dykes 
Massive dolerite 
N 
N 
-.. 
Dykes (90%) with 
gabbro screens (10%) 
Block in ultramafic 
cumulates 
Dykes (40%) intruding 
gabbro (60%) 
Block in ultr amafic 
cumulates 
Ii 
'I 
11 
"1 
-]' 
3G. contd. METADOLERITE DYKES, MAINLY OF SHEETED DYKE COMPLEX 
PHENOCRYSTS GROUNDMASS 
Sample Plagio- Clino- I AmEhibole {&: Plagio-Olivine c linoEyr oxe ne Chlorite Opaque Sphene Field Description n. No. clase Eyroxene 
relicts ) clase 
MA236 2000 51. 4 46.5 2.0 Dykes (30%) intruding 
sheared layered cumulates. 
MA257 X X X Dykes (70%) with gabbro 
screens 
MA266 X (X) X X Dykes (80%) with gabbro 
screens 
N 
MA286 1400 36. 1 (14 .. 3) 43.2 6.4 Massive outcrop below N N 
1400 40.9 (11. 7) 40.4 7.0 limest one exotic 
X307 1900 (38. 3) 52.4 9. 3 Bosses in serpentinite 
(harzburgite) 
MA320 X X X X Low hill in alluvium, 
massive outcrop 
X324 (X) X X X Sin~'~us dykes (20%) in green 
pillow lavas 
X342 X X X X Block in melange 
MA363 49. 7 ( 3. 7) 44.7 1.9 Dykes (300/0) intruding 
massive gabbro 
MA367 1724 53.8 41. I 2.6 2.5 Dykes (90%) with massive 
gabbro screens 
3G. contd. METADOLERITE DYKES, MAINLY OF SHEETED DYKE COMPLEX 
PHENOCRYSTS GROUNDMASS 
Sample Plagio- cr I Amphibole (8. )?lagio-Ino- Chlorite Opaque Sphene Field Description n. Olivine clinoEyroxene ~o. ~lase pyroxene . clase 
-- rehcts) 
MA370 X X X (X) X X X Dyke in gabbro cumulate 
MA4l0 X X (X) X X X . ( Dykes (90%) with green N ( pillow lava screens N 
MA411 X X X X ( Vl 
I 
MA4l3 1300 1.8 40.1(11.4) 44. 1 2.6 Dykes (50%) cutting serpent-
inite (harzburgite) 
MA4l9 X X X X Massive block in melange 
MA424 1316 49.8 29.5 18.8 2.0 0.4 100% dykes 
MA450 1400 17.4 44.4 29.3 8.9 100% dykes, lcm *-+ 3m width 
1400 11. 7 47.3 36.0 5. 0 
1400 16.0 4:7.9 32.2 3.9 
3H. RED PILLOW LA V AS 
PHENOCRYSTS/MICROPHENOCRYSTS 
Sample No. n. 
MA139 1600 
1600 
1600 
MA139A 1500 
MA142 1696 
MA143 
MA143A 
X245 
X245A 1800 
X245B 
MA435 
Olivine 
1.3 
0.2 
O. 7 
2. 1 
0.9 
X 
3.5 
Plagioclase 
18. 3 
21. 9 
14.4 
17.4 
25.5 
X 
X 
X 
21.5 
X 
X 
Clino-
pyroxene 
0.9 
Opaque 
X 
GROUNDMASS 
Plagioclase 
laths 
15.0 
20. 1 
16.2 
11. 7 
17.7 
X 
X 
X 
12.7 
X 
X 
Chlorite 
X 
MA437 J C 
*1 Matrix 
65.4 
57.8 
68.7 
68.8 
54.8 
X 
X 
X 
62.3 
X 
X 
Note: * 1 Includes oxidised opaque -t calcite'!: smectite"!: zeolite. Same minerals occur 
in veins, vesicles. 
Field De sc ription 
Core. Tightly filling elliptical 
pillows. Diameter O. 3 -1. Om. 
Mar gin of above pillow 
Core from adjacent pillow to 
MA139 
N 
Core from adjacent pillow to N 
MA139 ~ 
Margin from adjacent pillow to 
MA139 
Margin. Extensive area of 
pillowed lavas 
Margin. As above 
Core. As above 
Margin. Vescu1ar brecciated 
pillows 
Core. Pillow O. 6-0. 9rn. dia. 
cut by rare dykes 
3H. contd. RED PILLOW LAVAS 
PHENOCRYSTS/MICROPHENOCRYSTS 
Sample No. 
MA439 
MA440 
MA461 
MA464 
n. Olivine Plagioclase 
13.7 
x 
X 
15.0 
Clino-
pyroxene 
Z.4 
x 
Opaque 
GROUNDMASS 
Plagioclase 
laths 
Z4.l 
x 
X 
Z1.4 
Chlorite 
x 
*1 Matrix 
59.8 
x 
X 
63.6 
Field Description 
Core. Pillow lava with inter-
calated thin limestone 
Core. Pillowed, locally 
hyaloclastic. 
Vesicular, pillowed to massive 
Core. Pillow lava cut by rare 
dykes 
Note: * 1 Includes oxidised opaque! calcite! smectite! zeolite. Same minerals occur 
in veins, vesicles. 
N 
N 
vt 
I 
31. GREEN PILLOW LA V AS 
PHENOCRYSTS/MICROPHENOCR YSTS GROUNDMASS 
SamEle Olivine Plagio- Clino- °Eaque 
Clino- AmEhi- Plagio- Chlorite °Eaque 
Remain Field 
No. n. clase' bole clase der pyroxene ~oxene DescriEtion 
laths 
MA112 1604 O. 7 11. 6 30.8 5.0 51. 9 Low hills, 
rubb1y, splitic, 
veined by I 
calcite N 
N 
MA113 X X X X X X X As above, 0\ 
better pillowJ 
MA1l4 1500 1.9 7.4 5. 1 4.2 25.7 11. 1 8. 1 ~6.5 Pillows with 
good chilled 
margins 
MA232 X X X X X X X o. 6-0. 9m 
pillows, calcite 
veining 
X326 1.2 9.0 1.7 32.3 8.7 47. 1 90% pillow 
lavas cut by 
dykes 
3J. MELANGE LAVAS 
PHENOCR YSTS GROUNDMASS SECONDARY 
Plagio- Clino- Clino- Plagio- *2} Calcite Field Description Sample No. n. Opaque Rest Zeolite 
clase pyroxene E.Y.roxene clase 
X346 X X X X Block, pillowed 
MA354 1500 53.*~ 6.4 34.4 5. 7 Low hills, vesicular, 
massive. 
MA356 X X X X X Low hills, amygdo1oida1 
lava 
MA420 X X X X X X X Massive, basalt 
N 
N 
....... 
Note: *1 felspar laths too fine in MA354 to postively identify species 
*2 fine matrix, individual minerals not identified: includes epidote and chlorite in MA420 
3K. SHINZI GROUP VOLCANiCS 
PHENOCRYSTS GROUNDMASS 
Sample Plagio- I Clino- Amphi- *1 *2 *3 *5 *2 Clino- Plagio- Quartz Qpaque Chlorite Rest Calcite Field Description i n. No. clase pyroxene pyroxene bole elase - -
X219A X X X X X X { 2-6m thick sheets 
X219B 1500 50.4 2. 1 8.9 35.0 3.6 ( (dykes? flows?) of ( dolerite. Aphyric 
X219C X X X X X X ( to plagiophyric. 
X219D 1600 55.7 6.2 5. 1 33.0 ( Some paler. { medium-grained 
X2l9E X X X X X X ( more leucocratic 
{ keratophyre. 
, 
X220A X X X X X ( 2-6mthick sheets 
X220A1 1400 3. 6 47.2 1.5 4.7 33.0 { dipping at 40
0
• 
( . f" I maSSlve, lne-
( grained. ~ 
()) 
X222 X X X X X X X ( I 
X222A 1400 15.8 17.-14 55.2 6.6 1.6 3.2 ~ Vesicular pillowed 
1400 9.4 24.7 51. 5 8.3 4. 1 2. 0 (lava. sometimes 
1400 9~ 0 27.0 48.4 9.8 0.3 5.5 ( brecciated. 
MA339 X X X X { 
Note: *1 Fe1spar laths frequently too fine to positively identify species 
*2 Occurs in matrix and as occasional veins 
*3 Occurs in matrix and occasionally in vesicles 
*4 Includes some amphibole alteration 
*5 Dark, fine-grain matrix 
3K. contd. SHINZI GROUP VOLCANICS 
Sample 
No. n. 
MA425A 
MA425B 
MA426 1500 
MA427 
PHENOCRYSTS 
Plagio-
clase 
X 
X 
1.1 
X 
Clino- I Clino-
pyroxene pyroxene 
X 
X 
X 
Amphi-
bole 
23. 1 
*1 Plagio-
clase 
x 
X 
57.8 
X 
GROUNDMASS 
*2 
Quartz 
X 
Opaque 
X 
X 
17.9 
X 
Note: * I Felspar laths frequently too fine to positively identify species 
*2 Occurs in matrix and as occasional veins 
*3 Occurs in matrix and occasionally in vesicles 
*5 Dark, fine-grain matrix 
*3 *5 
Chlorite Rest 
X 
X 
X 
*2 
Calcite 
X 
X 
;Field Description 
( Pillowed lavas cut 
( by narrow dykes. 
( Many massive 
( structureless 
( outcrops. 
( 
N 
N 
\.0 
- I 
3L. GRANITES 
Sam:ele Quartz Orthoclase Plagioclase -Biotite {inc. chlorite & Sphene Epidote Calcite Field Description No. n. opaql.le replacement) 
M 12 X X X Highly xenolithic 
(gabbro) 
X.24 1612 44.5 31. 9 24.5 1. 1 Dolerite I gabbro 
xenoliths and host rock 
MA 28 X X X X 20% granite veins 
intruding massive gabbro 
M 29 X X X X 
f\) 
N 30B 1500 42.0 30.8 23.9 1.7 ( Narrow veins cutting ~ 
1500 45.7 29. 1 22.5 2. 7 ( gabbro - gabbro 
1500 44.9 32.4 20.9 1.8 ( pe gma ti te 
MA 30B 1177 40.9 37.9 15.6 2.7 2.9 Gabbro intruded by 
gabbro pegmatite 
intruded by 10-50% 
gr anite veins 
X 33 X X X X ( Gabbro host. Granite 
X 34 X X X X ( contains gabbro-dolerite 
X 35 X X X X (xenoliths, some partially 
X 37 1200 39. 1 36.0 21. 4 3.5 ( absorbed. 
MA 37 1512 38.6 38.6 21. 3 1.3 Granite veins, stocks 
cutting gabbro, gabbro 
pegmatite 
MA 44 1477 43.5 33.9 19.8 2.9 As above 
3L. contd. GRANITES 
! 
ill 
SarnEle Quartz Orthoclase Plagioclase Biotite {inc. chlorite & Sphene Epidote Calcite Field Description 
No. n. opaqu~r eElac erne n t) 
X 86 1500 42.6 34.3 21. 1 2.0 My1onised, sheared 
1500 38. 1 34.5 24.3 3. 1 contact with serpentinite 
(harzburgite ). 
. MA120A X X X X Stocks of 4. 5 cu. rn. 
'i 
.il 
cutting serpentinite 
I (har z bur gite) 
MA360 X X X X X { Granite containing 10-20o/G 
MA360A X X X X { gabbro xenoliths I 
MA455 1500 40.2 38.7 20. 1 1.0 Pods in serpentinite N 
{harzburgite} VI ... 
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4. Cumulus and intercumulus phases in some plutoniC cumulate rocks 
Sample no. Cumulus phases*1 Intercumulus phases*2 
MA2 Cr-+Ol Pl. Cpx. 
MA9 Pl. Cpx. 
MA17 OI--+-Pl,Cpx. 
MA21 01. Pl. Cpx. 
MA53 Pl. Cpx. 
MA54 Pl. Cpx~ 
f.lA65 Pl. Cpx. 
MA67 Pl. Cpx. 
X 71 01. Pl. Cpx. 
MA76 01. Pl. Cpx. 
X78 01. Pl.Cpx. 
X124 Pl. Cpx. Mt. 
X130 Cr;-+Ol Pl. Cpx. 
X131 01. Pl. Cpx. 
X132 Pl. Cpx. 
MA174 Cr-+Ol Pl. Cpx. 
MA175 01. Pl. Cpx. 
MA182 Pl. Cpx. 
X189 Pl. Cpx. 
MA217 01 Pl 
X224 01. Pl. 
X355 01. Pl. Cpx. 
Note: *1 Arrows indicate the order of preCipitation where 
---- determinable. 
*2 Commonly represented by pl-cpx overgrowths. Difficult 
to decide it common minor intercumulus amphibole is 
primary or secondary. 
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APPENDIX 5 Sample location maps 
The maps show: 
(a) The outcrop pattern of each major rock-type 
(b) The approximate location of analyzed samples of that rock-type 
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APPENDIX 6 Whole-rock geochemistry analytical techniques and results 
Sample preparation 
Major and trace element analysis by X-ray fluorescence techniques 
requires a general method of sample preparation. 
The size of sample crushed depended on the grain size of that rock. 
In general this amounted to l-2kg, more in the case of the pegmatites to 
avoid mineralogical bias. Samples were first split into pieces ( 2-3 cm3) 
3 
using an hydraulic jaw splitter and then crushed to chips ( I cm ) by a 
fly-press fitted with hardened steel crushing surfaces. During these two 
operations the obvious weathered crusts were removed. The chips were 
crushed to a coarse powder in a "Tema" tungsten-carbide swing mill. A 
random SOcc sample was taken and ground for three one-minute intervals, 
each grinding being followed by 4S seconds of cooling. lSgms of the resulting 
fine powder were mixed with 2S -45 drops of "Mowiol" organic binder and 
the resulting paste compressed in a polished tungsten carbide die at a pressure 
2 . 
of 20 tons/in to produce 46mm diameter powder pellets. These were dried 
fo~ 24 hours before analyzing and care was taken throughout their handling 
that the surface to be irradiated was uncontaminated. 
A representative selection of samples were also prepared as fusion 
beads. O. 8gm of fine rock powde:r .were mixed with 4. Ogm of 80% lithium 
metaborate - 20% lithium tetraborate (Johson-Malthey Spectroflux 100B) 
and fused for 20 minutes in a Pt/Au crucible at l150
0
C in a vertical tube 
furnace. 46mm glass discs were then pressed in aluminium moulds using 
equipment similar to that described by Harvey et al (1973). The discs were 
cooled and annealed in a heated asbestos block before storing in sealed poly-
propylene bags in a dessicator to prevent atmospheric contamination. 
Analysis 
Major and trace elements were analyzed by X-ray fluorescence 
spectrometry using the University of Birmingham Philips PW 1450 Automatic 
Spectrometer with a PW 1466 sixty position' sample charger. Three tubes 
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are used - chromium, tungsten and molybdenum - for the determination of 
up to 27 elements. Tables A6. 1, A6.2 and A6. 3 show the machine conditions 
for the three tube programmes. A ratio technique was used to eliminate all 
but short term drift, which was monitored and corrected using a series of 
identical pellets on each run. Four internal reference standards per run 
were used to monitor long term precision. The counts produced by the 
spectrometer were recorded on paper roll and paper tape and processed by 
computer using programs written by P. D. Marsh. 
The machine was calibrated by a combination of international standard 
values {Flanagan, 1973; Jackson and Strelow, 1975} and spiking techniques. 
The details of calibration are described by Leake et a1 {1969}. Potential errors, 
due to mineralogical effects, are inherent in the use of powder pellets for 
major element analysis. Representative samples were selected to cover the 
composition range of Masirah rocks. These were analysed in parallel with 
standard beads and the determined concentrations used to establish calibrations 
for the remaining pellet samples. 
Three international standard values are presented in Table Ab. 4 to 
monitor machine accuracy. Precision is high, especially in the case of the 
elements with higher atomic weights and replicate analyses of the gabbro MA254 
are presented in Table A6. 5 to illustrate the precision. Lower limits of 
detection, as determined by the formulae in Jenkins and De Vries {1967} are:-
y 2 ppm Ni 2 ppm 
Sr 1 ppm Cr 2 ppm 
Rb 1 ppm Ce 3 ppm 
Th 3 ppm La 2 ppm 
Pb 3 ppm Zr 2 ppm 
Ga 2 ppm Nb 1 ppm 
Ba 4 ppm 
Norms and analytical listings were created by using programmes written 
by Dr. A. E. Wright, Dr. J. Tarney and Mr. B. L. Weaver. 
Presentation 
Major elements are given in percentages. 
and ultramafic rocks so that Fe203/FEO = O. 15. MnO is determined in 
Table A6.1 
Spectrometer Conditions for theCR-Programme 
Element Line Peak 0 26 Background{s) Crystal Detector Coll. KV rnA Time(Peak) 
Ti ~.2 36.54 +3.16 PE F f 50 20 4 sees. 
Cs Ka. 45.06 -1.80 PE F f· 20 10 4 
K Ka. 50.58 +3.75 PE F f 60 30 4 
5i Ka. 108.94 +3.00 PE F C 60 30 20 
Al Ka. 144.75 -4.80 PE F C 60 30 20 
N 
P Ka. 140.92 +2.70·. GE F C 60 30 20 VI 0\ 
Fe Ka. 85.74 +4.83 LIF 220 F f 60 30 10 
Mn Ka. 62.98 +3.02 LIF 200 F f 60 30 20 
Mg Ka. 45.21 -2.30 +3.20 TLAP F f 60 30 20 
Na Ka. 55.20 -2.20 +1.30 TLAP F C 40 45 40 
5 Ka. 75.74 -2.64 PE F C 60 30 20 
CL Ka. 65.32 +2.00 PE F C 60 30 20 
Table AS.2 
S£ectrometer Conditions for the W-Programme 
Element Line Peak °29 Background(s) Crystal Detector Co11. . KV mA Time(Peak) 
, .. 
. uJ. Ka.1t2 71.25 WLL LIF 220 F f 60 30 20 secs 
Cr Ka.1t2 107.13 -2.22 LIF 220 F f 60 30 20 
Ce L131 111.68 -1.75 L1F 220 F C 60 30 20 
La to,. 138.95 -2.20 L1F 220 F .C 60 30 20 N 
"" W L~ 53.48 -1.18 L1F 220 S f 60 30 20 ~
Zr Ka.1 ,2 32.04 -0.94 +0.57 LIF 220 S f 60 30 20 
Nb Ka.1 ,2 30.36 +0.74 -0.55 L1F 220 S f 60 ;30 20 
Table A6.3 
Machine Conditions for the Mo-Programme 
I ~ Element Peak 0 26 Background(s) Line Crystal Detector Co11. K:V mA Time(Peak) 
y Ka.1 33.83 -0.85 +0.93 LIF 220 S f 60 30 20 sees 
Sr Ko.1 35.79 -1.03. +0.84 LIF 220- S f 60 30 20 
Rb ~ 37.92 -1.29 +0.90 LIF 220 S f 60 30 20 
Th ~ 39.22 -0.40 +0.80 LIF 220 S f 60 30 20 N VI 
Pb L~2 40.35 -0.33 +0.90 LIF 220 s f 60 30 20 
en 
Mo Compton 30.10 -1.66 LIF 220 S f 60 30 20 
Ga K~ 56.12 -1.82 +1.28 LIF 220 F + S f 60 30 20 
Zn ~ 60.50 +1.27 LIF 220 F + S f -60 30 20 
Cu Ko.1 65.52 +1.04 LIF 220 F + S f 60 30 20 
Ba L~l 128.67 +2.69 LIF 220 F C 60 30 20 
INTERNATIONAL STANDARD ANALYSES 
Diabase WI Basalt JB 1 Granite G2 
Abbey 1978 B'ham 1977 XRF Abbey 1978 B'ham 1977 XRF Abbey 1978 B'ham 1977 XRF 
Si02 52.72 52.02 52.62 52.84 . 69. 19 69.31 
Ti02 1. 07 1. 02 1. 34 1. 32 0.50 0.48 
A1203 14.87 15.54 14.62 14.65 15. 35 15.67 
Fe203{t) 11. 10 10. 71 9. 01 9.33 2.67 2.73 
MnO O. 17 O. 17 O. 15 O. 16 0.04 0.04 
MgO 6.63 6.08 7.76 7.06 0.77 O. 81 
CaO 10.98 10.77 9.35 8.67 1. 98 1. 88 
Na20 2. 15 2.38 2.79 2.85 4.06 4.25 
K20 0.64 0.73 1. 42 1. 56 4.52 4.56 
P205 O. 14 O. 14 0.26 0.25 O. 14 O. 11 
100.47 99.56 99.32 98.69 99.22 99.84 I\) v. 
\D 
Ni 78 72 135 125 6 3 
Cr 120 113 400 396 7 11 
Ce 23 22 67 65 150 161 
La 12 19 36 52 100 102 
Zr 105 106 155 175 300 356 
Nb 9.5 5 37 14 31 
Y 25 21 26 24 12 12 
Sr 190 193 440 459 480 466 
Rb 21 21 41 41 168 168 
Th 2.4 2 9 10 24 31 
Pb 7.8 8 14 8 29 30 
Ga 16 17 17 21 23 25 
Zn 86 79 83 82 85 70 
Ba 160 188 490 562 1850 2055 
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Table A6. 5 replicate analyses of gabbro MAZ54 
1 Z 3 4 
SiOZ 47.54 ~7.38 47.54 47.41 
Ti,OZ o. 18 o. 16 o. 18 o. 17 
AI
z
0 3 19.55 18.84 19.53 18.97 
FeZ0 3(t) 4.06 4.09 4.31 4. 11 
MnO 0.09 o. 10 o. 11 
MgO 11. 08 10.93 11. 01 11. 00 
CaO 14.41 14.54 14.48 14.60 
NazO 1. 7Z 1. 73 1. 79 1.74 
KzO 0.33 0.33 0.Z9 0.29 
P Z0 5 O. 01 
0.01 0.01 O.OZ 
98.97 98.01 99.Z4 98.37 
Ni lZ8 lZ3 lZ8 lZ7 
Cr 588 604 594 589 
Ce 3 Z 3 Z 
La Z Z 5 3 
Zr 18 19 ZI ZI 
Nb Z 1 1 1 
Y 4 3 4 5 
Sr Z10 Z14 ZOO Z08 
Rb Z Z Z 4 
Th 3 3 1 3 
Pb 3 Z Z 3 
Ga 14 14 14 15 
Zn 13 17 Z3 17 
Ba 34 Z7 34 31 
Note: - not determined 
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. approximately 500/0 of samples. otherwise shown as O. 00. In the ultramafic 
o 
rocks ignition loss during heating to 1150 C is quoted. Twenty-seven 
representative gabbros. dolerites and lavas gave ignition losses ranging 
1. 28 - 4.650/0 with a mean of 2. 710/0. These values support the analysis 
totals of 96. 0 - 99. 00/0. 
Trace elements are given as p. p. m. A negative value indicates a 
content below the lower limit of detection. Within the rock-groups the 
analyses are ordered by increasing Zr. 
Within the various gabbros the screens in the sheeted dyke complex 
are distinguished by a cross (+). 
-
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SERPENTINISED HA RlBU RG IT ES 
ROCK NO X1l. MA100 H A1~C; MAllu r.., A 1 25 X152 MA 1 G8 MA 3 1 
SI Ce: 1.1.9 0 4 2 .1 0 4 0 .21 4 n . c;~ i.0.?? 41.~ 8 4 0 ./) 5 42 . 77 
TI C~ 0 . 0 1 n . Ol u . Ol o • fl l (J . 1\ 1 '1 . 11 1 l) . 11 1 Ii . ' J 1 
AL 203 1. 5 1 1. )7 O .5 ~ 0 . )6 o. ~ 2 r) . 4 8 0 . 37 O.4 Q 
FE21J3 1.1 6 1. 20 1 .1 ~ 1 .19 1 .16 1. 26 1.1 8 1.1 7 
F~ C 7.6 3 7.Q 2 7 .~ 1 7.'?-4 7.6 2 3 . 31 7.7 9 7.60 
MN O o. oc 0 . 00 0 .1 2 0.17 0 .11 0 .1 5 0 .1 7 11 . 11j 
Mf-O ~ 4.14 32. Q3 35.45 3 4. 11 7 ~ 5 • .sr; .3l. . 22 31. • ~ 5 3~ . i.4 
CA O O .i. O 0 . 5R 0 .1 8 0 .7 3 ll . 2"t rJ . 22 U.5 2 n . 1~ 
NA ?O Q. 05 0 . 05 ') . ') 7 D. 21 Cl . n!- IJ . ) 5 () . 1)4 O. fl ') 
K2 C ) . Q1 0 . 01 0 . 0 1 o . Dl 0.01 0 . 02 I) • () 1 O. lll 
P 20S 0 . 00 0 . 00 o. no 0 . 00 0.00 o. uu 0 . 00 0.0(1 
H20 * 13·21 13.46 13.76 14.15 13.90 14.90 15.37 10.12 
TOT AL 100.71 99.63 99.38 99.82 99.99 101.50 100.46 100. 99 
TRAC':: =LE t<l::"n s IN PPM 
NI 2e77 2336 2 Sf, S 2337 2556 244 Q 239n 2456 
CQ 38 4 "3 3 1 00 3539 3 45 3 3321 3~43 3171 3i.7~ 
ZN 30 33 44 37 57 4 2 i.2 ,,-
f. 
- 2 - 2 - 2 . - ? -2 - 2 -? GA 
RB -1 -1 -1 -1 -1 -1 -1 1 
SR 11. 10 1(1 15 23 12 11 50 
v - 2 -2 -? -2 - 2 -2 -2 - 2 
Z R 1 1 3 3 4 4 5 ~ 
N8 -1 -1 1 2 1 -1 2 -1 
SA 1 1 -4 7 14 ~ 14 1 1 \1 
LA -? -2 1 1 ~ 2 ~ ) 
CE - 3 3 7 3 <; 8 7 '> 
PB - , - 3 - .5 1 1 2 2 "l 
TI-I - "Ji - ~ - 3 - J - 3 - 3 1 
ELF:: ENT PATIOS 
lR/ NB -1. -1- ~ . 1 • 4. -4. 2 . _0 
BA/SR G.7 9 -C.i.O 0 .7 0 0 . 27 0 .3 5 1.17 O. u9 11 .1 7 
CE/YN _( .7 - 3 .7 -8.6 - 3 .7 -6.1 -9.8 - 8 . 6 -7. "7 
FE* / "1G 'J . 3 "- fJ . ~5 C. 32 0 . 34 0 . 3 1 0 . 16 0 . 3 7 0 . 29 
C!F w NO'<MS 
() C. p u. r, !t . O 1I . tl " . n D. O 'l . n !l . 11 
NE (J . I I c.o n. fJ fl.O U. U 0 . 0 J . O 0 . [ 
OR fl .1 l! • 1 0 .1 f) .1 (} • 1 0 .1 U .1 !J • 1 
AS .) . r:; n.c; u .7 2 .1 u. -s 0 .5 1') .1. O. t:; 
ftN 2 . ):1 ~ . ~ 1. r l D. O 1. 3 1. 2 U. 9 ' . K 
I') I 0 . 0 C. Q 0 . 0 3 .4 O. li rJ • 1 1.7 o. n 
HY 4(,. C ) 1 .7 39 .7 -r 9 • 1 1.1 • q i.8.9 4 3 .6 39.5 
(lL 4~.1 42 . ' 51-.4 ') 3 .4 55 • 1 47.2 51 .4 57. 2 
MT 1. 9 2 . 0 2. e 2 . 0 2 . 11 ~ .1 2 . 0 1. 9 
t U1 0 . 0 0 . 0 0 . 0 o.n 11 . 0 il . O U • Ii () . ~ 
p.p IJ . O 0 . 0 0 . 0 ,) . J 0 . '1 1l . U ll . n () . II 
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SERPENT I NISEO HARl8IJRGITES 
ROCI<' NO r-AA 1 36 
S l(~ 2 4 1 .9 5 
TI C;: 11 . 112 
~l 203 0 . 72 
FE 2G3 1 • 1 L. 
FE O 7.5 [1 
MNO 'J . 1 2 
fltGC' 7.6 2 
CA e 0 .1 '>< 
NA 20 O . O~ 
1(20 11 . 0 1 
P2C':i 0 . 0 1 
H20 * 10.12 
TOT AL 99. 47 
TRAC E '=: LF.:MENTS I~ PPM 
NY 2601 
CR :::35 0 
ZN -, ., -
riA - 2 
R3 -1 
SP 51 
V 1 
Z R 20 
N~ -1 
8P 1 2 
LA .. 
CE '5 
pq t: 
" TH 
EL i:'EN T RATIOS 
Z R / N'? - 2) . 
BA/SR 1. 50 
CE /Y N 1 2 . 2 
F E *' ;~r. - '0 oJ . _ 
CI PW NOkMS 
Q r . I i 
NE n. II 
OR 0 .1 
.A 8 O. P 
AN 1.1 . 0 
DI 1) . 0 
HV 18 . 8 
OL 57.4 
I""T 1. R 
Il =-' n . il 
f,P I) • fJ 
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PLUTONlCS - PICRITES+TROCTCLITES 
ROCK NO x~S5 )( 69 ~ ' A 2 '(1 29 '1 A 76 A )(23 )(2 () )(131 
S I C'2 44.(l~ 41.37 39 .23 t..2 .. 2° 42 .. ~3 39 .. Q9 t..0.110 41. 0 ~ 
TI 02 ') • fJ 8 0 . 04 0 .. 07 0 . G7 0 .1 0 J .. 10 O. GS O . ~ ..; 
Al20", 12.9 0 O. ?7 ~ .77 1 ~ .7 3 6.f Q 1..02 9 . HI 4. 6 ... 
F- ? r t: , U r . t,? 1 • :11 1 .4 7 I) .. 73 D.0 2 '.4 3 !.J . 71. 1 -, .. (. 
FEO 4.u9 6 .6 ~ 9 .. ~9 4. ~ 1 6. flO Q.4 6 4.~f> ~ . I ll.. 
~NO D. CO O. CO 0 .17 0 . 00 O.Ou ). 20 U.1 3 0 .1 7 
ro-GO 2 1.7 2 2~ . 8 4 33.27 2").--)6 10 .. 3""( 2 ~ . 3 5 22.37 27 . 99 
CA O 12 .. 43 8 .14 1 . 06 9 .. 118 8.52 3 .9 9 7.83 4.50 
N.a20 1 .. 0 1. 0 . 76 0 . 0t.. 1 .1 9 0 .. 5? U .. 2~ U.t. t. O .. ? 
K 20 i.J .. fJ~ J . 02 J . Q1 0 . "4 O . O~ 0 . 01 lJ . ~' t; . r 1 
P2 CS C .. OJ 0 . 0 1 0 . (10 (1 . 0 1 0 . 01 0 . 0 1 0 . 0(1 O. ')1 
H 0* nd nd 10.98 nd nd 10.43 11.43 10.00 
T crT Po L q6 .9 ~ 96.14 99.76 06.11 96 .. 1 9 98.22 98.07 98.05 
TR.aC ~ ': LEM ENTS 11\1 PPM 
N I 541) ~ O? 14 29 6t..4 91[. 1496 Po90 11 71. 
CR 1729 11l.5 3841 547 26l.4 2~9"3 1 28~ 159 : 
IN 21 30 59 25 27 51 3 1 loU 
G ,~ '3 9 5 9 7 6 7 I , 
R8 1 -1 -1 -1 -1 1 -1 -1 
S R 65 138 4 11, 8 1 R6 69, 1? l. t ) 4 
V -") -2 -2 - 2 - 2 -2 - 2 '-
ZR < 4 5 5 6 7 0 111 
NB 1 -1 1 -1 -1 1 -1 1 
8P. 4 -l.. 5 15 t. 1() 0 ~ 
LA -2 ~ - 2 -? - 2 3 2 -2 
C ~ -~ 4 - ~ - 3 
, p ') 
- , 
- ~ 
- 3 4 - 3 1 I. ., _"t P El - J 
TH - ~ - 3 - 3 - 3 -3 - 3 
_ '7, 
E L E:" ':rn RAT IOS 
l R/ N' 2 . -4. 5 • -'). - 6 . 7. _0 1 p . 
RA/SP O. Uo -O.(1~ 1.25 Cl . Lo 0 . 02 P.15 0 . 07 0 . 1)6 
Ct=/VN ?' .7 -4. 0 .7 3 .7 - 3 .7 -9.8 -6.1 3.7 
FE"*/ MG O . 2~ (1 . ~ 4 u .47. 1} . 3U 0 .20 .t.9 0 . 32 0 .42 
CIP W NOQr~ s 
a O. il (.1 . 0 L' . {J i) .1} (I . () 0 . 0 0 . (, U . I l 
~Jf: ~ .7 <i . ~ II . ( I 4. 2 2 . 4 fl . t; lJ .!i 0 . 1) 
JR lI .1 l i .l ' . 1 ' ) . 2 I) • 1 I] • '1 , . 3 fI .1 
r. P. 2 . 2 0 . 7 11 .4 2.x r ~ • 7 2. 2 4.3 2 . f. 
~ N -~ 1 .4 22 .7 5 .9 33 . 3 1f,. ~ 11 • ~ 2 .0 12 . Ci 
o I 2,) .4 1 ') . 2 I . 0 14. r:l 21.1. ~ . 9 15 .R 1 11.7 
HY J . f IJ . ,J ~ 1.7 u.o IJ • ,) ~ 5 .1 14.1 20 . 4 
Ol 71: . ( 'irS .4 57 . _ 44.~ 5~.;:) 49.9 57 .1. 4';." 
IH f) . o 1. 5 2 .1. 1 .1 1.1. 2 .4 1 • ? 2 . ( I 
IV' " ? '0 • 1 n.1 u .1 U. 2 0 . 2 II . 1 I ) • 1 I . 
o. ~ C r, L1 . d O. U .J . J 1J . f1 I ) • ( I n. II AP . -
-
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P L UT()f\'J(~ - CIC~ITES +T QOC TnLI~ [S 
ROCK NO Y7 P r., A" 51 
SI0 2 47.. . t... 1 4?01 
TIO e: 0 .11 0 .1. 7 
AL?O~ {, . Pf· 5 . 5Q 
FE 20 7 1 • 1 (' 1. 34 
F EO l . 2C, ~ . 83 
r-'NO U.1 f.. 0 . 2U 
"GC 21. k5 26 .1° 
CA O E . 5l.. 5 • 11. 
NAcO (1 . 7-" 0 . 37 
K20 fI . L? fl .1 f 
P2C5 U. U1 Il . US 
H 0* 7.86 6.56 
T aT A L 97·12 96.93 
TRACE ELE(f, EN TS IN pp,., 
NI 79r:., 1 £: C2 
CP 184l 276 1. 
ZN ~x 1.9 
GA 7 6 
RF< -1 2 
SR 57 35 
y ( R 
l R 1 1\ 40 
NB ( 7 
S A ? I.Q 
LA 2 {. 
CE c 1 () .J 
PE< 7 _7 
-
-
TI-! - 3 -3 
E L E:i'1ENT RATIOS 
2 R I N~ c; 6 . .; . 
PA / sq o. C,lL. 1 .4 {j 
CE/vN 6 .1 3 .1 
. O. 4Q 0 .l.Q FE~I!"G 
eIP"" NORf"S 
Q C. li 1I . 1I 
NE r . ll 11. 0 
OP {1 . 1 1 . 2 
~ 8 t . 0 "' .5 
/IN 11.. P 11.. 5 
01 (5 . 0 10 .7 
!-IY 1 Q. O 26 .2 
OL 3 1.2 l. (\ . ~ 
rT 1 • P ? .1 
JL~ 0 . 2 1. 0 
p.p 0 . 11 (\ .1 
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PLUTONICS - OLIVINE GAg~ROS 
RO(,I( ~() r A 12 2 ~~ A 76 >:13 1 X272 
S1C 2 l.6.0 3 1;f. .4 0 47.23 44.71 
TIO ? {I . 11 Ct .11 fl .14 0 .14 
"L 20~ 14 . 7° 1F.9 2 1f..7: 1 6 . P6 
FE 2C~ O. SP- (1 . 37 II .4 rl fI . PS 
FEO 3 . PC: 2 .47 2 . 6? 5 . 6 1 
~NO (J • LlL U. OA (J . n7 0 .1'1 
"Me; 0 17 . 8 1 1~.r2 15.(} (j 10.44 
CAO 13 . 8ll 1 5 . 23 15 . 84 11. ~7 
NA20 1. 04 1 . 3 n 1 . 2 Q 1 • ~ 6 
f(2C {) . U2 f) . US 0 . 0 4 n . (14 
P2C5 G. Of) O. 0 0 . 00 lJ . (JO 
TnT"L 9 8 . 00 9~ . 5 3 99 . 27 07 .4 9 
TRr.CE aH~ ENTS J PPr.' 
NI 39 1. 3 0 7 ~(19 416 
CR 145 2 1~20 209 462 
IN H 11 1 1 29 
f.A 9 11 12 12 
RB -1 - 1 -1 -1 
SR 88 15 8 124 1~9 
Y - 2 2 2 2 
ZR f, 11 11 12 
NP -1 3 -2 2 
SA 5 9 9 10 
lr. 2 <: - 2 -{ 
CE "7 4 _7 5 ~ 
PF _ 7. -~ - 3 - 3 
TH - 3 -3 -3 -3 
ELE MEN T RATIOS 
Z R I N8 -6. 4. -s. 6 . 
BA / SR (I . Of. fJ . f)6 0.07 (' . 07 
CE/YN -3 . 7 4.9 -3.7 6.1 
FE,*/ MG 0 . 31 0 .27 0 . 26 (\.50 
CIPW NORMS 
G 0 . (1 .0 0 . 0 0 . 0 
NE 1. 0 2 . 2 2 . 2 0 .4 
OR fl .1 (1 . 3 0.2 0 . 2 
AS 7 .1 7.1 6.1 11 . 0 
AN 36 .4 46.3 40.4 40.8 
D1 26 . 5 24 . 0 30 .5 1 3 .6 
HY fl . U u.o o. r. 0 . 0 
OL 27 . 8 19.3 1Q.6 32 .4 
I" T 0 . 9 0 .5 0 .6 1 . 3 
Ilf( 0 . 2 0 .2 0 . 3 0 .3 
AP 0 . 0 0 . 0 0 .0 0 .0 
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P LIITONICS - GAPElRO ANORTHOSITES(Al20~>211) 
+ 
ROCI( NO x 2R8 MI!376 11 A 2 7 6 M A~ ~3 X287 MAQ 9 MA59 MA427 
SIC ? 42.9 /i 46.27 44.96 45. ~2 44.4 3 '6.9 3 47. 27 48.2 2 
TI C2 0 . 07 n .11 0 .1 0 U . 116 0 . 08 /) .0 8 0 .1 0 0.1° 
AL tl O"3 ~ 4.-S5 2' . 30 27 . ()~ 2 t.. P4 21 .1 3 22.l1R 23 . 3 1 23 . 55 
FE2C3 O .1 ~ O.l.. 5 0 .45 (l . ~O 0.45 O. 'lD D. 27 0 . 34 
FEe o. u, 2 . 9~ 1 • S 8 2 . ll 1 2.9R 1. 35 1.75 2 . ?~ 
MNO 0 . 02 0 . 08 0 . 0(1 (I. (J O.D6 u.nn (l.O4 O. f10 
~GC 6 . ~5 7.~6 6.16 9.26 14.6 0 9.4~ 9.79 6.3 "2 
C.IIe ?2 . ?2 14. 64 15.17 1 2 .96 13. 25 15.1 8 16.4 2 1 6 . 34 
N A 20 0 .4 9 2 . P 2.32 2 . 3 4 1 .31 2 . 39 1 .40 2 . P 
1( 21" C. I;1 0 . 22 0 .1 3 0 . 29 ll . O3 (1 .1 5 IJ . O~ 0 . 2 
P2C S e. oo 0 . 00 0 . 0 1 o • (12 u.oo o. r () 0 . 00 (). u1 
TOTAL QP . :2 98. o A 97.91 97.4 98.~'l 97.84 1 00 . 38 99 . 60 
T RtlCC" :: lE iEN TS I I'f PPM 
"1I 9 1 1 09 ~6 1 3 4 33° 1 29 1 23 17 
C'< 21, 5 445 256 34 3~5 965 568 6 1'> 
ZN 1 5 1~ 1 0 10 13 8 16 14 
GA ~ 16 14 17 1 3 1 2 14 17 
!<P -1 1 1 "3 -1 -1 -1 1 
SR 11 6 2 ,J9 1Q9 255 125 29 1 57 229 
v 
..., 
- (. 
-2 -1 -2 - 2 - 2 -2 4 
l~ ~ 8 9 10 1(1 I t) 1U 1'1 
r B -1 -1 1 ) -1 -1 2 2 
SA 7 15 1 ~ 7 7 1 0 71 1 0 1: , 
LA 2 - ~ 2 2 3 - 2 -2 - "') 
C 1: 3 -, "3 3 5 3 
.,. 
- .) 
p R :; 
..,. 
-3 l: - 3 ..,. - 3 
-' 
oJ 
T4 - 3 - 3 - 3 - ~ -3 -'"Ii 
'=-l F il j:; N T q.ATIO') 
l ~ Jr,: r: -'j - ~ . Q . 3 . -1 0 . -111. 5 • 5 . 
B A/t;:. fJ 0 . 1)1) 0 . 07 IJ . OQ 0 .1 5 U.O~ O. ?2 J . O~ 0.1 4 
CE/Y N - "': . 7 3 .7 -7. ~ - 3 .7 -6.1 -7, .. 7 3 .7 1. ~ 
FE * l ~l G C .1 ~ 0 . 56 0 .4 2 0 . 32 o. ~ O 0 . 21 0.'26 U c: ~ • t 
CI ? t.I NnRt>'IS 
Q n. 'l (1. 0 1. . 0 o • f) 0 . 0 U. U 0 . 0 iLl) 
NE 2 . ~ 4.2 (, .4 4. ~ 2 .7 5. R 1 .. r< 3.~ 
Of? Q. D 1 • '3 !l.R 1 . 8 D.? 0 .9 u. ~ 1 . 7 
H! C. O " J .4. 9 . 2 11 .4- 6.", Q .9 ~ .5 1 2 . n 
ftIIJ 61) .1 56 .7 6 l... 3 57 .9 52.6 50 . 2 57 . 0 54.1 
Dr 13 . (' l' .1. 9 . 9 6 . ~ 11 . 3 21 .1 1°.1 21.7 
HV J.n o ,I r .n II . 11 Cl.O tI. O u.!I o • . .. 
OL Q I ' 13 .1 9 .'1 17 .1 26 .1 11.6 12 .q 6 .4 • I 
f>4 T 0 . 2 0 .7 0 .7 .4 0.7 0.3 0 .4. 0.5 
lU' 0 .1 J .., 0 . 2 I) .1 0 .2 0.2 11 . 2 11 .4 . -
AP C. r (1 . (' 0 . n 0 . 0 O.D O.ll U. o U . ') 
- 248 -
PLIJTO N]CS - rAf- hO{ O ~Nn~THO~IT~S ( ftL203>21t) 
ROCK NO fi Ar1 X71 FA14 r. A173 f"IA132 ~~ A 9 ~ x1211 x, l , 7 
S l 02 t.7.n1 41.. . 95 45 . 4(1 45 . 47 l7 . 03 45 . l.1 44 . 67 47 . :-1 
T I 02 n. ue (l.Il'; 0 . 07 {l . O? (1 .1 0 0 .1 0 0 .1 1.. n ." _ • £. t. 
Jl l 20~ 2: . 3'"! 22 . 18 26 . 9 25 . 1.6 26 . 92 2 1. 79 ? 1. 69 '( 1 .5° 
F E2 0~ 0 . ?2 1l . 3~ 0 .1 (,> 0 . ?1 ( • 2 2 0 . 34 fl . l..f 0 .L5 
FEe 1 . 47 '2.40 1 • 2 ~ 1 . 1:9 1 . 47 2 . 27 3 • [12 2 . 94 
MNO r • C/~ 0 . 0'5 O. OL. 0 . 04 (j . 1l4 O. U6 'J . tl7 fl . I)' 
MGt 1 0 . ( .. 7 12 . 22 8 . 24 9 . 19 5 . 90 1 2 . 5 U 1 2 . ~O ~ • ( J 
C AO 16.2 ~ 13.63 15 . ~7 1 7 . Q2 14. 25 1 4 . 95 13 • ('d) 11.. • 7 ~ 
to? 0 1. 2~ 1 . 5 [J 1 . 86 () . p, 2 . 82 1. 35 1. 4, 2 . 31 
K20 O. C6 0 . 04 0 . 0;:' () • 0 1 {J . 06 (I . (14 (I . ( 14 () . fI' 
P205 G. OO D. OJ 0 . 00 O . f1Q 0 . 00 0 . 0 1 u. U1 [1.01 
TOTAL yO . 7" 97 . 49 9° . 9 1 100 . 57 9~ . 8 1 9R . 82 97 . 73 9 ~ • '~9 
T RACE E l E It. E NT S IN PPM 
NI 1x 247 192 1 96 57 23fl 2 1 ~ 0; 
C ~ c 01 384 86 1 1324 162 82 {. 404 .371 
IN 1 f. 10 16 4 1 7 10 1 6 ? (, 
GA 14 12 14 13 1 ~ 1 1 15 19 
RB -1 - 1 -1 -1 - 1 -1 - 1 -1 
SR 51. 220 222 . 2 0 9 26 1 tOU 20'5 255 
Y -2 -2 -? -2 - 2 -2 '( i. 
Z R 1 1 1~ 13 15 1 5 19 10 21 
Nf' 2 -1 -1 1 1 3 2 -1 
8 A 7 7 13 2 1 9 1 1 15 2'; 
LA 2 2 '2 3 -2 -2 '2 3-
CE l. 3 5 -3 -3 3 
FB 3 -3 _7 3 - 3 5 
_7 
TH _7 -3 - 3 - 3 - 3 - ~ - ' 
., 
-' 
E L E"'~NT RATIOS 
Z R I NS 5 • -13 . -n . 1 5 . 1 5 . 6 . 9 . -2 1. 
B A I S R O . 1~ 0 . 03 0 . 06 C • (J 1 (I . (' 7 ('; . 05 0 . 1l7 u. , . 
C E I YN -4 . 9 -3 . 7 -3 . 7 -6 .1 3 . 7 3 . 7 3 . 7 3 . 1 
f E*/ MG 0 . 2 1 0 . 30 0 . 23 0 . 22 U. 36 {I . 2 7 0 . 35 (I . 5U 
el F"" NORMS 
Q o. n 0 . 0 0 . 0 . 0 u. n !J . n (J . G (l . U 
NE o. Q 2 .1 5 . 6 3 . 0 4 . ~ 3 . 0 2 . 3 3.;-
OR 0 . 4 0 . 2 U. 2 0 .1 0.' 0 . 2 0 . 2 D. 4 
~ 13 ~ . 8 9 . 2 5 . 5 1 . 3 15 . 3 5 . 9 B. 2 1 3 . 9 
A N SR . 1 55 . 0 65 .1 65 .4 61. 3 53 . 9 53 . 9 49 . 2 
01 17 . 8 11 . 3 1 0 . ~ 1 8 .1 8 .1 16 .7 12 . 0 19 . Q 
HY 0.0 0 . 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 tJ . (l 
CL 13 . t 21 . 5 1 2 .4 11 . 6 Q. 6 19 . 5 22 . 5 12.~ 
,.n 0 . 3 0 . 6 D. :! 0 . 3 U. 3 0 . 5 U. 7 lI . 7 
IL '" 0 . 2 0 .1 0 .1 0 .1 0 . 2 0 . 2 0 . 3 U. 'i 
AP 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 O. Q 
-
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Pl UTuNICt; - (~A F P? 0 ~NOR T~ O SIT E S ( AL 2 0 3 >214 ) 
ti OC K NO )( 26~ tf'A 12 6 X 1 (I )( ~ 3 R 
SIC 2 511 . 117 4 'f . 3U )'1 . 4P " f • ~ 1 
TI O? U. 16 (1 . 17 0 . 17 0 . 2 9 
Al ,0 3 2E: . 22 23 . 71 2s . nL 21 . 1. 8 
FE2 03 [) . 2l l 0 . 3 5 (l . 2 (I f1 . I.? 
FEO 1 . : 4 2 . )0 1 . 3""! 'i .1 f., 
Mfl:O O. U3 V. U5 (J . f) ( () • l JU 
M'GO ,?I)(' o . ,,!-2 < . 4 2 R • '~ 9 
CAO 12 . 7 G 1 ~ .1 5 12 . 6 P 11 • P 4 
NA20 4 . (;'- 3 . 2) 4 . 1'7 '! . U2 
1( 20 0 . 27 n. oo 0 . 17 r, • f. 8 
P2CS 0 . U1 0 . U1 D. 02 o . r12 
TOTAL 1 00 .1 1. 98 . 68 9 7 . 7 0 96 .1 7 
TRA CE ELHiE NTS IN PP't't 
fil l 41 g3 19 75 
CR 1.2 141 3 4 225 
I N 7 14 1 3 1 8 
(, 6 23 18 2 1 1 9 
RB 1 -1 -1 1 0 
SR 360 297 56 3 3 6 1 
'If 2 4 4 6 
l R 25 2:7 27 ':l 3 
NB - 1 1 1 4 
e A 4 2 43 106 11 9 
LA 3 3 S 3 
CE .. 3 11' (; -
PB - 3 t -3 
TH - 3 - ) _7 - 3 
EL EME NT R~TIOS 
ZR/ NB - 25 . 27 . 27 . 8 . 
BA/ SR 0 .1 2 0 .1 4 (1 .1 9 CJ . 33 
CE/Y N 3 . 7 1 . R 9 . ~ 2 . 4 
f E*Ir', G - 0 . 65 0 . 53 . 57 U. 5S 
C1PW NORMS 
0 0 . 0 0 . (1 0 . 0 Q . O 
NE 4 . 8 2 . 3 ~ . 0 6 . s 
OR 1. 3 u. s 1 • (I 5 . 4 .. 
AS 2 5 . 6 2- .1. 29 .1 14 . 5 
AN 5t< . fI 50 . 6 5 C' . 2 44 .1 
01 4 .4 1 2 .4 11.4 13 .5 
HY () • f ' o. u 0 . 0 U . lJ 
OL s . t. 9 . 9 ~ . 8 14 . 6 
f"i T 0 . 3 (1 . 5 0 . 3 0 . 7 
Il f' U. 3 0 . 3 0 . 3 0 . 6 
AP 0 . 0 Q. O 0 . 0 u.o 
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PLlITONICS - r-AP~KOS 
ROCI( NO X2':17 MA65 I AQ l( Z ~6 1>\ 1\17 5 X1 89 MA71 X1 Q 6 
SI O? 46.114 46. 37 47.3 0 42.f.1 "6.17 40.68 4'). 30 48. A ~ 
T I ('"2 11 .1 2 O.1 R n.1 8 D. llS 0 . 09 0 . 34 0 .1 0 o. 4 
A L ?O ~ 19.49 17. 1 ~ 18.S! ?tl . '>9 18 . 69 1 ~ . ~9 2 \) . 68 18. n 
FE cO~ 0 . 45 O .'i Q D . ~o 0 . '9 0 . 33 0 . 6 () o. _ 4 0 . 6, 
FEO '3 . 30 3 .fl ? 2 .61 1.°2 2 .1 5 4.3 0 2.23 4.1 7 
"'1 NO c. co 0 . 00 0 . 00 (l • fl3 o . IJ5 o. ou o. us 0.00 
I"IGC 12 . 24 1 ~ . P9 11 . 52 13.16 13 .9 R 1 2 .14 13 .1 Q 9 . fl 4 
CA r. 14 . 5 · 1 3 . 62 16 . 02 17. ,4 15 .')7 1 3 . 75 14 . 70 12. QS 
N~ 2 0 1. 6 " 1 . 61 1 .7 9 0 .75 1. 49 2 .1. 5 1. 47 2 . 79 
1( 2r. J . 17 O. l9 c . uS G . C ~ O.l l1 o. uo D.l () U.1 2 
P20' 11 . (l I) C. Ol Q. Ol o. no 0 . 00 O. GO 0 . 011 o. P1 
TOHl Q7 . 91. 07 . 4- 0 .3 .i.0 06.77 9R . 62 07.:) 9~ .1 6 06 . 6 
Toac C t L~ :otc; ~ITS IN pp f~ 
I\jI 1 Q 5 237 17 6 253 271 1 /)9 286 14 ... 
C R 736 7 05 11 30 85 19 3 1 324 11184 3"'3 
7N ?IJ ?4 15 10 7 19 19 11. 
r,A 1 C; 14 1 2 15 1 0 11 1" 17 
Rfl 1 -1 -1 -1 -1 -1 1 ') 
SQ 2 1 '5 175 142 1 0 2 138 167 17 5 1 0 6 
'( -2 3 4 5 -~ 7 -? 7 
zr:; ~ P 8 10 10 10 11 11 
.-'l 1 -1 2 2 -1 1 1 -2 
Ed t. 1 16 16 13 22 2 1 2 1 24 
LA - ? - 2 2 3 , -2 ~ -c 
- ' 
~ 4 ") 4 - ' .1- - . CE - "- oJ 
PB - 3 - '; - 3 -1 - ~ -.5 - 3 
T H - ~ - 3 -3 - 3 - 3 - 3 -3 -, 
E L :'; = rJT RA TI OS 
7 R I NC ~ . - ~ . i.. s . -1 0 . 1 0 . 11 • -5. 
E A I S~ t . 10 [) . ) 0 i) .11 I). ] 7 0 .1 6 ~' . 1 3 U.1 ? 0 .1 2 
CE/Yfo.! 3 . 7 -2.4 2 .4 1 . 5 -4.Q -1. 0 - 3 .7 -1. C:; 
F r:*n'G 0 . 30 0 .41 0 . 33 0 . 2 1 tl . 2~ . 52 U. 2S u. ni' 
CIC ~ JOR r" S 
~ 0 . 1 tl . 1) 1) . 11 tl . n n. 1l n. n 1) . 1) 1,. 1) 
N°- ") 1 • 5 ) . 6 3 .fI 4 . 6 o .? 1.. P 1.1 I:; • L. 
01.< (I . "! 1l . 5 .J . 3 0 . 0 D .~ 1. 5 U. 6 L1 . ? 
AB 8 . 4 11 . 2 ?I .7 o.u 4.2 (u . , 5 .4 22 . 1:) 
p t.6 . 4 40 .t.. 4 3 . 0 54.5 44.6 27 .4 '1U . 5 37 . Q 
Dr 21 • .4 2? 0 <0 .7 15.6 26 . 5 34.0 18 . 8 2 2 . 5 
H'( '" r" Ll . r 0 . 1 I) . 0 () • , I t 1.11 Il. £) 11 . 11 I . ' 
OL 1 ~ . l\ 2 - ') 1 . 7 2 1 . 2 1 8 . 6 15.~ 2 u .1 1 4. [, L • 
MT 0 . 7 '"' Q I) • f, 0 .4 u • .; '1 . 9 1) . 5 ~J . Q I . • 
Il t>' t: . ; e .4 n "? o .1 I) • :? i .7 D. 2 0 . 5 \.. . , 
ftP 
r, • 
.J . iJ 'J . t' J . O t) • LI 0 . 0 n. n D . lI U . 1/ 
- 25 1 -
PL TONICS - (-Ar::pPOC, 
+ 
ROCI<' NO i" f. C 7 ,., f. 1 5 I., • 1 x2f.f. x265 ',\ P 1 f:, E '~A 25 "'A?3~~/li5L. . ' 
SI 02 46 . 21 4~ . 63 t..7 . e7 4 q . ?3 4 8 . 4 1 ' 1. 7 .11 4 . s? L~ . flC, 
TI C? n . 1£, l' • 2 f, !l . 21- (1 . 30 fl . ?f1 rt .1 7 0 . ?2 r . ! 
AL 203 21. CJ1 1 5 . 32 1~ . 75 1 E' .1 S 14. L 1 1 t .1 7 1 6 . ft 1 c:: • ·1 
FE2';3 0 . 33 o. or; fJ . 7 ? (' . 4 ~ () • 4 Y 0 . 51 (l .L 5 (1 . t c, 
FEO ? • 1 p 4 . 28 4 . 7 f 3 .1 5 3 .1 R 3 . 37 ?9t. 4 . ,?O 
f" ru' O. L" c. oo lI . ue r. . nu o. on (I . UP (1 . 07 fl . ( t, 
~ (, 0 12 . £:.5 12 . 70 10 .1 2 9 .17 11 . 9 1 1 £ .1 7 12 .1 0 1? . 7( ' 
CAO 1S . l.C' 1 ~ . 52 13 . 90 14. 93 16 . 2 4 1 5 . 06 15 . Sl- 13 . 41 
NA20 1 . 2" 2 . 11 ~ .1 c 2 . 72 1 . 6 1 1. 38 1 • ~ 9 2 . l17 
K20 Il . U~ 0 .1 9 D .1 6 0 .1 ~ 0 . 03 G. DS G. Of. r) . 19 
P2C5 G. G1 0 . 01 (J . 0 1 0 . 0 1 0 . 0 1 0 . UO 0 . 0 1 0 . ~ 1 
TOT.A l 9R . QG 97 . 67 98 .14 9F. .l. 2 98 .4 8 9 R. 07 9~ . 76 rn . 54 
TRACE E L E r'l t. N T S I PP 
NI 217 193 11 6 1 G2 1 9 1 2 11 1 1I 10 1 
CI? q6 Q 35 1 42 1 69 1 692 E2U 919 354 
ZN 1 <;t 18 25 19 1 P 16 21 10 
GA 13 13 16 16 1 ~ 14 15 15 
RE' - 1 1 1 1 -1 -1 1 1 
SI? 139 245 268 35 6 333 1 85 1 69 21.f. 
V -2 6 5 5 5 3 5 5 
1 R 12 12 1c 12 1 2 14 14 1 1. 
~ E? - 1 -1 -1 -1 -1 2 - 1 - 1 
8,. 16 30 36 33 17 1 6 2 4 22 
LA -2 2 - 2 - 2 - 2 3 ? -2 
CE .... 6 :. 3 - 3 3 3 -, 
PB -3 - 3 - , 3 '"5 :3 -3 -~ 
TH -~ - 3 - 3 - 3 - 3 - 3 - .. -3 
El E ,E NT IH T l OS 
Z ~ I NfI - 1 2 . - 12 . - 12 . -1 2 . -12. 7. - 1 4. - 1 l. . 
P A/ SP 0 .1 2 0 .1 2 ('t .1 3 o. r9 U. U5 0 . 09 0 .11. o. uQ 
CE /Y N -3 . 7 2 .4 1. 5 1 . 5 -1. 5 2 .4 1 • ., - 1 • ') 
f E*/ MG 0 . 26 .4 9 0 . 69 0 .5 0 0 . 33 0 . :5 0 . 35 [1 .49 
CIP W NORM S 
Q (l . O 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 Il . O o. {/ 
f'vE 2 . (1 (1 . 7 2 . t- "3 .7 2 . 6 1 . 5 2 . 3 0 . 2 
OR 0 . 3 1 • 1 1 • f J 1 .1 n . 2 CI . 3 0 . 5 1. 2 
~ p. 7 . 3 17 . 0 1 l. . 2 16 .5 9.1 9. 2 11.9 17. 
AN 52 . 0 32 . 5 41. f:, 37.4 32 . 5 ~8 .5 3 7.6 32 .7 
DJ 19 . 9 2~ .7 22 .Q ' 0 .1 39. 0 2Q. 8 32 . 0 28 . 2 
P'{ n. D 0 . 0 r . o il . CJ (J . II 0 . 0 u. n O. tJ 
Ol 17 . 8 18 . 4 1 t- . ( 9 . 9 15 . 6 19 . 6 1 l; . 5 18 . 6 
"' T r . 5 1. 0 1 • 1 0 .7 0 .7 O. f' 0 .7 1 . ll 
ll rt 0 . 2 0 .5 D. S 0 .6 0 .4 U.3 0 .4 0 . 5 
~P 0 . 0 0 . 0 0 . 0 0 . 0 G. O .0 0 . 0 lJ . ll 
-
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-
F Llil 0" J ( S - r-tlf- :-1, 01) 
+ + + 
I.orl( t-' O F I-7~"lS4.2 ~" (5 4 , b I. 7 ~. A "27'" r-: f, 1 \. '2 ~', A t Il c: )' l ' ,L 
SID? /.£",.27 47.21 47.51. 1.7. '..: 5 1,~.1. 2' 4 p. QO 49. uc. l. ~ • ..J t 
T I r. '( \) • 1.0 {I.?S n.l~ fl. 2 1 (J.2P C.LS 0.c5 f"\ ~ , . 
~L~0:' V. s( 1~.(JQ 19.')~ 10.51 15.<; f. 1 f .45 ?1l.9f) 1 f, .1~ 
FEt e? U.5 (' ll. ') 7 {J • I.. Q (J • r; l- fl.6 f (1.4'2 0.52 ( I . 7 L 
FFC' ~.I.{ 3 .7 : 3 .?? '1,.1.1.. l. • I. P 2.75 3. c: L. ~I-
,., N (' C. Cl r r·.or' 0.0 0 c .nQ (;.(;Q fl. l.7 U.()(J () . 1 , • 
rH-. C 1:'. 3 { 11 .41 11 • 11 ~ 15.1JS<. 1(J.47 1 (I. 31 7.24 14. I . t., 
CAD 1L..57 1 ." • 3 2 14.1· 1 1 5. uQ 13.19 1 ( .61 1 1 • 1 I. 1?f.1 
'" A'(O 1. l. (\ t.?2 1 • 7 '( 1.16 2.3f- 1. F.6 3.Pt; 1 • 
~( :; 
K20 ~ . U , rl • 1 9 O . "Z 3 C: • [l t 0.13 (1. (,S /l.?P IJ. 1 " 
P205 0 .01 0 . 02 G. Ol ('.111 n.1l1 !l.VU IJ.Ot lJ.ll1 
TOTAL 98.42 97.01 98.62 99.22 07.09 99.67 06.76 Q6.f:.l. 
TP./ICE EL E ~i E NT S IN PPM 
~I 255 162 12P 2 l' 3 Q rJ 136 7 (I 2 -,0 
CR 1394 463 5P-~ 1063 34 S 1CJDS !SS t.7? 
IN ~f< 21. 13 13 13 19 9 ? \.' 
GA 14 14 14 12 17 9 15 15 
RB -1 1 '"' -1 -1 -1 1 , c 
SR 16 3 211 211J 121. 1 F 7 175 t13 ( no 
y I. 4 L I. 7 -2 3 C; 
Z'R 16 17 1f.. 18 1 P 19 lQ 1
0 
NA 1 1 2 3 1 1 4 ? 
BA P 17 34 12 28 12 41 .:5 
LA "Z 2 2 2 3 2 -2 
'l 
. 
CE 5 4 7. I. L l. -"t. L 
FC! 3 -3 3 -3 -3 5 
_7- .. 
TH _'1 -3 3 _l. -3 3 -3 oJ 
E L Eflj ENT PATIOS 
Z R /t\B 16. 17. 9. 6. 1 ~ • 19. 5. o. 
E A ISR C.1l 0 . 08 0.16 0.10 n.1 S fl.07 IJ.19 0.17 
CE/vN 3 .1 2.4 10ft 2.4 1.i. -4. 0 -2.1. ?n 
FE"/"',G - c. 3P 0.48 o .~3 0.33 U.63 O.~9 0.69 1I.1. 0 
CJPW NORMS 
Q 0.0 0.0 0.1I (l.O (l.0 0.0 O.l) o . l l 
N' E 1.f. 2.3 1.4 1 .2 fl.G c.t. L.O (l.e; 
OR 0.' 1.2 2.0 0.' 0.8 C.3 1.7 O.f 
A8 8.8 15.2 1~.2 7.8 20.6 11.4 26.6 10.5 
AN t.4.Q 40.0 45.3 40.0 33.6 1.2.0 40.0 40. " 
DI 22.5 22.2 21.[, 2~.O 27.(\ 32.2 13.6 19.2 
HY 0.0 0.0 0.0 0.0 ~ .7 fI.O O.C' (I • {, 
OL r ('.4 17.7 16.5 21 .5 12. ~ 1("1.6 1?7 26.3 
~. T O.f1 0.9 C.7 0.8 1.0 0.6 O.~ 1 • 1 
I l~ O.L 0.5 0.3 0.4 U.S (l.S Lt.5 O.t-
AP 0.0 0.0 0.0 0.0 0.0 0.1I 0.0 CI.O 
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F'L'TONICS - GAPE-ROS 
ROCK NO Xl. 0 t1 A l5 (1 X ~1. 0 X1~6 
+ fA 11 ,1, A 73 ~A12t. "1A 1 51 
C:IO? t.S .4 f' 45 .1 0 50 .21 47.~9 49.6 7 - 50 . 81. 4S.R3 47 . 35 
110 2 0 . 22 U .1P lI .41 rl • l1 O.S f< n . PO 5 . 68 C. r:; C 
AL c03 17.81. 1 8 .21 14.47 16 . Q9 13 .41 1 A. £' 5 11 .41 1 r:; • ., F 
FE 2C3 0 . 6R 0 . 69 O.7 f> 11 .65 0 .77, 0 .7 3 1. ;:> 5 lJ . 66 
FEO 4.4f. 4.56 5 . 02 4.~1 4.~ 3 1..P.2 8 . 23 I , • 7, l. 
fiNO ' o. U·) 0 . 09 ('\ • C' t· (1.1 U (\ .14 II. (JU O.Il U LJ . 1 ? 
MGO 13 . O~ 14 . 05 11 . 9(' 11 . 31 11 . 3 7 ~ . 3 1 8 .11 °. °1 
CAe 13 . 55 11 . 97 11 .5 2 14. 69 12. 88 1 2 . (( 16. 6 1 16.01 
NA20 1. 44 1 . 52 2 . 67 1 • (, 5 1.87 ~ . 55 0 .9 0 1 • I . 7 
1(2 0 0 . 0f. C. (lQ C. ! 4 0 .11 (J • 1 ~ 0 . 2F- O. c; (I . r:;1 
P2C5 G. 01 0 . 01 0 . 03 0 . 01 O.U3 O. CJ5 O. ( I e 1) . /)7 
TOTAL 96.82 96.47 97 . !3 97.62 95.56 97.85 98 .1 8 96 . 7' 
TPACE FLEr~ENTS r PPM 
NI 187 246 266 12 3 71 69 30 1 ~4 
CR 461 22 4 17 2 21.2 87 23 1. 1 8 31.6 
IN 34 21 13 27 31 2(l 29 10 
GA 16 13 18 14 15 18 1R 17 
RB -1 -1 2 1 1 2 -1 7 -
SR 21C 256 20 1 275 302 1 86 2 4 3 2 7 3 
y 5 2 17 7 1 Z 22 28 2<: 
ZR 20 23 30 32 43 51. 56 66 
NB 2 2 t.. 6 6 11 1 ~ '1 
SA 25 52 57 65 77 68 93 144 
LA 2 -2 4 2 3 5 c; - 2 
CE :3 -3 11 4 0 13 6 -<: 
PB - 3 4 - <: 3 3 -3 f. 4 
TH -3 -3 -3 - 3 - 3 -3 -3 _7. 
ELEMENT R~lIOS 
Zf?/NR 1 0 . 12. 15. 5 • 7. 5. 3 . 22 . 
SA/Sf? 0 .1 2 .20 0 . 2F (l.2~ (J.25 n . 37 O . 3~ (). 5 ~ 
CE/YN 1.5 -3.7 1.6 1 .1.. 1 .8 1 .4 0 .5 - O. 'i 
- (' .s o 0 .48 0 .62 C.S6 0 .62 0 .85 1.49 0 .64 FE*/I'f,G 
(IPW NORMS 
0 0 . 0 0 .0 n.D 0 . 0 (l.O 0.0 2 .2 lJ • r I 
r.;E 1.C 0 .2 0 . 0 0 .5 0 .0 1 .4 0 . 0 1 • S\ 
O~ O.L 0 .6 2 .1 0 .7 0;8 1.7 0 . 3 3.1 
~B 1C.7 13 . 0 23 .2 13.4 16.6 2R .1 8.5 9.5 
AN 43 .4 44.2 27.2 3q.6 29.1 2~ .Z 27.0 36 .1 
01 20.7 1 3 .8 25 .0 28.0 30.0 2 ~.8 1.5.2 36 .1. 
J-Iv 0 . 0 0 . 0 s.c 0.0 16. 3 o.u 3 .9 O. 1l 
Ol 22 .4 26 .9 15.6 16.2 L.9 11 . 0 o. u 1L: . 0 
,..T 1 . 0 1. 0 1. 1 1 .0 1 .1 1.1 1 • ~ 1 • (I 
Ilf" O.L 0 .4 0 .8 0.8 1 .2 1 .6 11 • U 1. 0 
AP 0 .0 0 .0 0.1 0.0 0.1 0.1 0.0 n. 2 
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Pl UTONJCS - (,Ar.PROS 
ROCK NO X10S. X11 0 ~. Jl7 ~ 
S1 C2 4P . 99 4R . 97 1.. 6 .11 
T1 02 1 . 2(1 1 . 51 1 .11 
AL ?03 1 L. . 3 t 1 1. . 4~ 1L.. P9 
F E20~ U. 8F 1 . 05 U. 99 
F Er. 5 . t 1 b . 92 6 • 5 ~< 
r' NO (I . (J{t !J . OO (\ . uil 
r', r, 0 1 (J . 37 7 . 6 0 11 . 5f. 
C"O 1 2.22 1 1 . 6~ 11 . 76 
NA?O 2 . 51' 3 . 32 2 .1 f, 
K2C (J . 21 n . ")L. 1) . "7(, 
P20'i O. 2t O . 6~ r .1 9 
T0 1 AL 96 . 84 9() . 6 4 95 . 6c 
T R~CE E L E~ENTS IN pprr, 
NI 1 1 6 51 194 
CR 17? 22 487 
I N 5(1 5~ 57 
GA 18 2 7 14 
RB 2 -1 -1 
SR 3R4 3 1..1 307 
y cO {-.p 20 
Z F< 01. 9 4 106 
N8 20 7 0 17 
BA 1 23 1 85 1L 2 
LA 11 30 9 
CE 25 73 28 
P8 -3 "7 - 3 -
TH :- - 3 -3 
EL Erv,[N T R ~T I OS 
ZR/ NP 5 . 1 • 6 . 
BA / SR 0 . 32 [ ' . 5 L. (1 .4 6 
CE/v N 3 .1 2 . 6 "7., .4 
f E*/ Mf- 0 . 82 1. 32 0 . 83 
CI PW NOf(MS 
Q (' . 0 0 . 0 ll . O 
NE (1 . 0 0 . 0 0 .1.. 
OR 1 . 3 ? .1 2 . 2 
~ B (2 . 5 29 .1 1 8 . 
AN 27 .7 2L .4 3 1. 2 
Dl 2{-' . o 2S . 2 22 .0 
HY 5 . p 2 .1 (\ . ( : 
aL 1 1 • 7 11 . 0 2 c.' . 7 
"' T 1. 3 1 • 6 1. '; 
Il t' 2 .4 ~ . O 2 . 2 
p.p 0 . 6 1 .7 u. 5 
- 255 -
FL TON IC ~ - r..ArBk'O P E f, ~. A T I TF S 
F<ocr NO "'A 127 r.A16 4 XL. ~1 11151J ~ ~ 323 l( 11 4 )' 11 ... 2 11 
SIC2 1.9 . L10 5U.3 0 49.71 5 1 . 01 4P.R6 I) 0 . 01 5U . 2f. l.1, . CJ1 
TI D? 'J . 41 O.L S 1 • () 3 0 . " 1 0 . 66 0 . 52 D. 1''7 1. ~ . 
AL 203 E . 27 2/) .1 6 14 .11 13 .4 5 H.P !) 1 6 . -" 15 . 0 4 15 . 5'" 
FE, Q3 G.7 2 fJ . 5:; 1 . 9? o. f1 n .P1 ft • .,4 t . P? ( •• 71 
r E(l 4 . 7~ 3 . 52 6 . 0 0 S . ? 5 5 .·Q 4.91 5.' :' l."' O 
rrw C. 1 Z 0 . 07 o. l")e 0 .1 3 () .1 2 U. U8 d .1l. r • (11) 
~~ G r. 12 . 57 5 . 68 1lJ.SO 11 . 23 P.4 6 1 [\ . ll () 1(1. 32 11. 2A 
CA O 13 . 6? 12.45 12.62 11 .41 13 . 34 11. 9( 12 .1 5 11. <11 
NA ?O ?2l. ? . 80 2 .1 5 3 . 22 2.(17 2 . 9'1; 2 .41 ~ I , . 
K 2c 0 . 09 0 . 08 0 .1 5 0 .1 2 0 .1 3 0 .14 U. 2 1 ll.1f. 
P20S 0 . 01 ~ . 02 0 . 29 n . 03 0 . 05 (I . fl3 n. uQ n.S4 
TOTA.L 96 . 92 97 .1 5 98 . 57 97 . 27 0~.61 97 .59 97 . 69 96 . 72 
TRA CE ELE r~ E NT S IN PPM 
t-II 15 2 40 76 1 f3 8 (J 13 1 75 166 
CR 72 P 51 4 2 240 UP 107 C,? 7;1 
ZN 17 20 63 24 20 1 1 3 0 31 
GA 1 L 20 17 18 17 17 16 27 
RP -1 -1 -1 -1 -1 2 1 -1 
SR 21"l 294 341 3 05 11 0 3 t. 2 ~ (1(1 ~~:< 
Y 1 0 I. 17 19 16 1 1 1P 1 U\I 
Z I? 27 2P 3 1. 42 ~ 2 1.9 5:! 1 I'lJ 
NB 2 5 13 3 3 5 17 2C; 
BA 32 33 P,4 17 3 21 67 1 -~ 1 (1'.1 , -
LA 2 2 5 -4 3 3 7 11 
CE '7 4 19 11 6 7 17 41' -
pp - 3 - 3 - ~ -3 4 _4: _4: -
TH - 3 
_ '1; 
-3 _'7 _7 4 -3 _7 
-
ELEW.~NT RATIOS 
ZR/N ~ 13 . 6. 3 . 1 I. • 14. 10 . 7 4. - . 
BA/SR G.1 S G.11 0 . 25 1') .57 O .1 ~ fl .1 9 \J .41 1. 3 11 
CE/vN 0 . 7 2 .4 2 .7 1 .4 0.° 1. 6 2 . 3 1 • (I 
FE1t/ MG - 0 .5 6 0 .91 0 .96 0 .7 0 O.9 ? D.72 D.77 0 . 6 1 
CIPW NORMS 
G 0 . 0 o. 0.0 0 . 0 0 . 0 0 . 0 0 . 0 o " • \oJ 
NE (I . 1 1.9 . 0 n.u o. ( I (/ . 0 ) . 0 6 . 2 
OR 0 . 5 U.S 0 .9 0 .7 O.R o . ~ 1 • ~ 1. 0 
li B 19.4 29 .6 18 .5 2R.0 17. 8 25 .4 20.9 21.8 
AN 26 .7 38 .8 2~.8 ? 2 .5 1.,(.2 31. ? 30.3 25 .7 
DJ 34. 2 19.9 26.3 28 .5 19. 8 22 .9 24 . 8 22 . ~ 
t-IY 0 . 0 0 .0 15 . 2 3 . 0 8.L 2 .8 12 .1 0 . 0 
OL 17.1 7.6 L.l< 15 . 0 8 . 5 14.1 7.7 16 .7 
,..T 1 .1 0 . 8 ?~ 1 .2 1.2 1 .1 1 • 2 1 • 1 
ILf" C. P 0 .9 2.0 1 .0 1. 3 1. 0 1. 6 3 . 6 
AP 0 . 0 G.O 0.7 0.1 0.1 0.1 0 .2 1 • :: 
-
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-
FLlIT(lNICS - r,AFRRO PEr-. , ATITE~ 
POCK NO '127 X20'> 
S 102 ~1 . 02 44.50 
TI Oe 0 . 91 , .P 3 
AL i?o3 16.5 ~ 1 3 . (J3 
FE?03 U. 79 1. L. 7 
FEn 5.2 (I Q. 6F. 
r. NO ( , • (J I) (\ . 0(1 
·,."r-O 7 .1 5 ~, • 15 
CfoO 9 . 117 <; . 92 
NA20 4.15 4.2~ 
K2 0 1. 1: (1 . 31.f 
P205 0 . 36 1.44 
TOTAL °6 . 3 1 95.69 
T R~CE ELEt'. EN TS It~ PPM 
NI 3'> 77 
CR 3 0 8 
7N 6f:, 82 
GA 20 25 
RP 2(1 4 
S~ 39? 244 
y 3~ 117 
ZQ 11(; 1 72 
p 36 6~ 
8A 285 21..4 
LA 22 50 
CE 53 117 
PR -< 6 -
TH 4 -3 
ELE ME NT RATIOS 
Z R IN B 3. '3. 
e.b / SR 0 .7 3 1 • UP 
CE!VN 4.e 2 .4 
fE*/ /IlG 1. 07 1.74 
CI PW NORMS 
Q o. n 0 .0 
NE 1. 0 6 .5 
OR 6 . 9 '2 .4 
AB 34 .6 25 .9 
AN 24. 0 15.9 
OJ 16.5 21.0 
HY n. D (J . O 
OL 13 . 2 17.0 
",T 1 • 2 2 .'2 
I U' 1.8 5 .6 
AP 11 . 9 ~.6 
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PLIITON IC OIFfEPENTIATE" 
~OC'< NO It1A321 )( ~ C8 MA 12 0 MA 417 x219A 1 X1 6A. x219 
SI 02 57 .1 3 72 .1 2 50 . 56 5 Q . C1 60 . 77 5 1. 49 67 . 8'1 
TI0 2 0 . 1f> 0 . 20 1 . 45 0 . li5 0 . 5~ 1. 9'" 0 . 42 
AL "'03 22 . 91 1 4 . ~2 18 . 32 1 8 . 77 15 . 05 1 ~ . 41 1 3 . 42 
FE2 03 rt . 9G r) . 91 7 . 91.. 2 . 87 6 .7 2 7. 71 ~ . 33 
FEO 0 . 00 o. on U . f11l o. ou 0 . 1111 O. lIu I) . un 
MNO o . U? /) . 00 0 .1 3 O. fJO 0 . 00 U.1 1, O.1 u 
NlI;O ", . C"1.. fJ . 51.. 4 . R9 1. ~1) 2 . 3 0 4. 6) 1. 39 
CAr '5 . 44 2 . 2" 9 .1 9 4 . 01.. 1 . 08 7 . 71.. 1 • 71. 
NA~O 7 . 1..4 7 .1 1) 4 . 76 9 . 97 R . ~? 5 . ('2 7 • ~Q 
K20 1 • 1 1 1I . ):l!l 0 .1. 3 0 . 05 O. t 7 0 . 31 0 . 116 
P205 0 . 02 O . O~ 0 . 24 (} .1 u O . O~ U. 20 D. Ul' 
TOTAL 98 . 2'5 9R . 77 97 . 9 1 07 .1 6 95 . · ~ 97 . 6 ') 97 . 7{) 
Tl<ACE F: LH\c ~TS IN PPM 
NI 4() 1 10 5 -1 14 -1 
CQ 11 2 8 -1 -1 8 - 1 
ZJ.J 10 3 67 4 8i3 69 ?~ 
GA 27 11.. 25 2 4 32 26 32 
Q8 1Q 14 ., -1 1 1 -1 
SR 61: 13<;' 448 1 R3 93 408 71 
V 1 ~ 54 6 4 5 7 6 1 57 59 
ZR 75 ~8 3G8 7 11 7 t. - 7 45 7et. 
N8 Q 34 64 52 9", 11 2- 06 
8A f>47 2P. 1 295 87 49 311, 1:: 7 
LA 11 53 1 1 t.l. 62 20 ~6 
CE= u- 9.6 10 ~8 120 6?- 1 (i I) 
PEl l. - 3 _ 7 - 3 - " - , 3 
TH 4 27 - 3 17 1 5 - 3 1"l 
ELE~,=NT RI\TIOS 
Z R I NS q . 3 . I) • 14. ~ . 6 . R. 
8ft. / SR 1 . Of. 2 . 02 0 . 6f. 0 .4 8 u . SI' (f . 7? 1 . 9'7 
CE/V N . 5 3 . 9 1. 9 3 . 8 5 . 2 2 . 9 4 .1 
F E* / t'IG 0 . 38 1. 96 1 . F Q 1 • ~ 5 3 . 26 1. 93 l.. . 45 
C IPIJ NORMS 
Q c. r 23 . '5 0 . 0 ("l . U 6 . 5 0 . 3 2 11. 5 
NE 4 . 9 0 . 0 lI . lI ~ . 4 n. o I . 0 LI . O 
OR f. . 7 4 . P. 2 . 6 fl . 3 n. t.. 1 . 9 J . t. 
AB 55 . 0 f, (' . Q 41 .1 " 1 . 1 7 2 . 6 43 . 5 6"5 . 9 
AN ~A . : ~ . ~ (.7 . 9 6 . 5 4 . 1 27 . 4 3 . 4 
DI 0 . 7 ?:f 9 . 8 9 . 11 2 . 7 3 . 4 3 • 1 
HY o • I~ \ . n 2 . 7 0 . 0 t. . o 1(1 . 2 2 • 1 
OL S. c: 0 . 11 ~ . "l D . '3 II . U o. u (l . 1I 
"H rj . D fl . I) O. ll 0 . 0 U. \J O. (I fl . n 
I L .J, n. r: ,) • fl 1' . 3 11 . 1) n. ll 0 . 4 0 . 2 
~ p o n . ~ I} • 1 11 . 6 0 .. 2 0 . 2 0 . 5 lI .1 
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THULTTIC V~IN , PYROXENJTE ,~ ~P PI FO lIT E 
ROCK NO Y347 )'16 ).( 
SI( Z 54 . 0c:; 54.98 47.1..6 
TI 02 tl . 2 (I O. LJl. 0 . 22 
~L zo3 24 .1 :'J 1 • (1q 13 .7 3 
I= E2Cl3 0 . 99 0 . 66 U. 69 
F EO 1] . 00 D. nn t..st-
~NO u. (I( I (J . 02 (J .11 
'Mr,O 1. fJU 2(J .1 6 16.5F 
CA D 11.1 0 2 1. 90 14 . 23 
N A20 7 . 33 0 . 06 1 . 3 1 
K20 () . 2 9 u. OD LJ . OP 
P2 0S i) . flU (1.00 0 . 0 1 
TOTAL 90 . 69 98.91 0~ .Q 8 
T R~Ct= ELEf>1ENTS IN pp~, 
NI 1 27 1 327 
C ~ 36 1 0S 1 2811 
7N -1 5 37 
GA 33 -2 1 1 
RP 1 -1 -1 
SP 5911 4 R5 
Y 3 - 2 6 
ZR 1 6 5 1 2 
NB 1 2 "2 
BA 3" -4 25 
LA 11 3 6 
CE 17 4 1 9 
PE=< 4 -3 '!-
TI-I _'t -~ 7 -
ELEMENT RATI OS 
ZR/ NP 16. 2 . 6. 
BA/SR n. CJt -1.00 LI . 29 
CE/YN 1 3 . 8 -1..9 7.7 
FE*Irt. G 1.1 5 fl . 0 4 0 .4 0 
CIPW NORMS 
Q 0 . 0 0 . 6 0 . 0 
NE 11 • n 0 . 0 0 .9 
OR 1.7 0 . 0 0 .5 
~B 41.9 r. .s 9.5 
"N 32 . 2 2.7 31.7 
D1 5.4 83 .1. 3 1.1. 
HY 0 . 1.l 1 2 .1 0 . 0 
C'L C • (1 0 . 0 24 .6 
,... T o. tJ 0 . 0 1.u 
IL" O. ll 0 .1 o.t. 
AP o. (, 0.0 0.0 
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'-'E"TAD(ltfJ\ITE DYK E.S 
ROCK NO n . 24R ~A 1. 2 4 ~. AS 8 X17 ~ ,... f. 5 I) r" "'''.66 ttl t; 7 5 ~. A -:; ~ , 
SIC 2 4~ . 9 1 4 P .1 2 44 . 22 47.R9 1..6.9 ':; 46.5 Z 1., 3 . 56 4F-.1.7 
TI 02 0 .1. 6 ( j • 5 {J O.7 t- 0 . 54 (1 . 6 Ii f1 . fO 0 . f9 C. 7 1 
AL ?O"3 1:- . 5E< 10.92 13 .7 0 19 . 1lS 1~.') -J 1 R.1.5 11. 32 1 5 • t" "'I 
FE 2C3 1 • C ~ O. t-.3 1 . 5 1 (J . 6S O .tl O U . ~2 , • /,. I. (l . ol) 
FEO 6 . 97.. 4.1~ 9 . 9P 4. ~O 5 • oc;. 5.44 9.1.7 q . 
"'NO u .1 c 0 . 00 0 . 0[1 O. ( IU (J .1 -:; ll . O{J (l . 1I0 u . 1 t: 
flr-n 9 . 9f-. 7 . ft2 11 .~n 8 . 51 9 . 8" F.6 P- 13 .1. 2 1 ( I . C 
C~ (l 1"", . 4 ? 1 4 .51 10 .40 14. ()7 1 2 .S f( 1 .3 .2 5 13 .74 1 ? • 1 \ I 
NAcO 2 . 3 0 2 .1 1 . 95 2 • () 1 1 .7 n ? 1 ~ 1 • 1 5 2 .1 C, 
K2(' G.1 ? 0 . 26 G . O~ U. 20 U.11 lJ . (.1 7 (J . L4 (: . 1 s: 
p20S (1 . 09 0 . 05 lI . O) Q. 05 0.07 D. lH~ I; • OS n. r' 
TOTAL 97 . 05 97.89 94 .55 97.27 97.32- 96.1~ 95 . (~ ob . e? 
TR.ftCE EL01EN TS ItI. PPM 
r\I 83 t-7 eR? (;1 12P 11 9 365 127 
CR 2 71.. 195 326 328 3 5f. 323 414 4'-: 
ZN 12 16 61 13 26 25 t-6 12 
GA 17 16 1 b 14 15 14 H I 14 
R~ 1 2 -1 1 1 -1 -1 1 --
Sl? 141 2~L, PO 2<9 1 1 1 1 '2 r j 91. 16tJ 
v 19 11 26 1 2 17 H , 2~ 17 
7 R 31. 45 45 47 49 ~ 1 51 5 1 
NB 5 ? .. 4 c; 
..., 2 c; 
-' 
~ ..) 
BA 2Q "1..7 28 30 54 '29 25 1."3 
LA 2 -2 2 3 3 2 2 3 
CE 7 5 5 R 7 6 5 5 
P8 -:) - 3 _"f 3 - 3 -3 4 - 7.. 
TH - ~ - 3 -3 
... 
_"f 
- 3 -3 - ~ -,:> 
ELE: ME NT RATIOS 
lR/ N6 7. 6 . 15. 1 2 . 10 . 17. 25. 1 (; . 
64 / SP 0 . 21 U.1 S u . 35 lJ.13 0 .40 0 . 24 0.27 0 . ?7 
CErn.1 . 9 1 .1 G.5 1 .6 1. 0 0 .8 U.6 0 .9 
fE,*/ MG 1.02 . 80 1 .t 4 C.74 0 .87 f1 .92 1 . 03 O.l<3 
CIFW NO RM S 
Q c. O U. O 0 . 0 0 . 0 0 . 0 0.(' 0.0 O. Q 
E (I . U o. ? n. n 0 .0 0 . 0 . 3 1 .7 0 . 0 
OR (1 . 7 1.6 0 .5 1 .2 - 0 .7 0.4 0.2 1 .1 
liB 20 . 0 17.7 17.4 17.5 14.8 1f. • b 7. (1 H.9 
AN ?f. . g 45.1 30 .0 4? .6 43 .7 42.0 26.9 32.6 
D1 ., -J _ . ':> 2?6 2 0 .1 ?2.3 16.1 20.8 35.9 23.6 
HY 1. 3 0 . (\ 1 .1 1 .9 9.1 0 . 0 0 .0 10 .0 
OL 14.4 1 r . f 26 . 9 11 . 3 1?f 15.1 24.1 10. Q 
MT 1 • €- 0 .9 2.3 1 .0 1. 3 , .2 2.2 1 .4 
ILfI' 0 . 9 1 . 0 1.5 1 .1 1 . 3 1.4 1.8 1.4 
f.P 0 . 2 0 .1 0 .1 0 .1 0.2 0.2 U .1 0.1 
-
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-
~·E. " I. D() LFP IT : pv n 
ROO' Ntl I " 2 11. C 2 1. fY ' 1I2 0 { )(2 3 9 Mfl.367 r.A41 3 Nt.? 6f ~~ A 2 -: 
Slr ~ 4° . 6" 4 R.11 1.7 . 62 so . n7 t.8.~9 44.2P- 49.4 ~ 4 ~. - 7 
TIC 2 P. 8P [1.95 0 . 0 1 1 • rI C) 1 .1 7 n .Q (j 1 • 11 1. 1 C; 
AL? 03 14.71 11...84 16.1'1 1 3 . 1.\1 14.~; 11..1.7 12 . 93 p · .o 4 
F F. zen 1. 00 1 . 00 1 • ( r 1 .1 6 1. 211 1. CJO 1. 24 1 • (It. 
FEO f,.6 e· 6.60 6 . 6 f, 7.1,4 7.01) f.. .6 0 P. . ?O ". P-
r· NO rJ. 1 c 0 . 00 0 .14 b .14 n .1 5 P . f\(' U.1 P. I). 12 
,...,f'C 9 . P- f 9 . 75 0 .L "'!. 9 . 62 9.2<.; 1 ~ . PS 9 . 6'2 10.(,,-
CAO 1 2 .4 7 1 C. • 75 11 . 92 11. u4 11 . 34 1 3 . 2f. 11 • ~ 2 12.1,4 
NA 1. 0 ? 1C 3 .1 5 2 .10 2 . 52 2 . 28 1.19 2 .1 4 2 . 40 
1(2Cl ('l . Of 0 .14 0 . 08 0 . 2R G.1 ! 0.11 ).1 8 ll. 11 
P20S 0 . 07 0 . 05 0 . 0 0 0 . 09 0 .11 0 .1 3 0 .1 0 O.1 /. 
TOTAL 97 . 53 95 . 31. 96 .11. 96 .6 2 96.77 95.01 96.45 7 . 1 
TRf.CE ELEI'iE NTS I PPM 
NI 1 0 0 142 HI? PI. 7C; 266 6(l 9>' 
CR 1.22 451 332 275 1St.. 576 198 4 (1 0 
IN 27 66 46 1 8 15 5(j 47 12 
Gft 1 5 15 15 18 1 8 15 18 1t. 
RB 1 -1 -1 1 -1 -1 -1 
" SI? 126 21t.. 222 186 155 20 1 177 2 p' 
v 1Q 23 ti:: 26 29 1~ 27 -,-L It. 
zp 56 68 70 71 77 82 ~2 R1 
N~ ~ 1 6 4 7 P. 6 9 
B~ 19 61 160 54 61 38 76 29 
LA .. 2 2 4 5 3 4 
'2 
.., 
-
CE 1 0 7 1 5 8 12 11 1 P 1 "l' 
P8 _7: -3 5 -3 3 - 3 - .'(, 
TH _7 -3 -3 -3 - 3 -3 
_7 3 
ELEff,ENT I(IIT10S 
71?/ N~ 11 • 68 . 12 . 1 P • 11 • 1 0 . 14. 1 0 . 
BA / SP O.1 'i 0 . 29 0 .7 2 r . 29 0 . 39 n.1 3 O.L ;' ( I . 1 L 
CE/YN 1.3 0 .7 1.7 0 .8 1. 0 1 .5 0 .9 1.4 
FE'" H~ G O. <i'f 0 .99 1. 03- 1 .16 1 .25 n.7U 1. 25 (j . 99 
C'IPW NORMS 
a 0 . 0 . 0 0 . 0 0 . 0 0 . 0 (J.O 0 . 0 . n 
NE 0 . 0 0 . 3 O. D 0 . 0 (' . u n.i. !l . O 0. 0 
Of? G.4 Q 0 .5 1 .7 Cl . f 0.7 1 • 1 0 . 7 
Af! 18.2 27 .5 19. 3 22 .1 19.9 9.7 1 8 .~ 21 . f> 
AN 31 . 3 27 . 2 35 .2 24.2 29.5 35 . 3 26.1 26.5 
01 25 . 5 22 .0 20.8 25.9 22.7 26.1 25.~ 2Q.R 
HI( 1t-. O O. C' 9 .7 16 .7 16.6 o.u 21.0 5. 0 
OL 5.2 17.8 11.0 5 .5 6.3 24 .2 ~ - 1 1 .t. _ • c:. 
,..T 1. 5 1 .5 1.5 , .7 1 . 8 1 .5 1.9 1. 5 
IL" 1.7 1.9 1.8 2 .1 2.2 1 • 8 2 . 2 2 . 2 
/l.p 0 . 2 0 .1 0 .2 () .2 0.3 _ 0.3 D. 2 !l.' 
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ROCK 0 MA20R MA2~6 MA27 1 
SI02 
TIC2 
Al 203 
FE:?03 
FEO 
MNO 
~GC 
CAe 
NA20 
K2C 
P205 
TOTAL 
1.7.7f. 
1.11. 
13.6 
1.19 
7.B7 
0.00 
9.61. 
11.~ 3 
2 . 61 
0 . 09 
0.11 
95 . 4 ~ 
T~ACE ~ LE~ E NTS IN 
NIl "7. 
CR 
ZN 
r;~ 
qS 
SR 
Y 
ZR 
BA 
LA 
CE 
pp 
TI-I 
EL - ''= 
1 R I 8 
B A I S R 
CE/v N 
f E */ ~G 
,3 7 
6 3 
1(-
? 
175 
2P 
89 
41 
1 3 
T RATIOS 
18. 
. 2 
1 • 1 
1.2 0 
CI FW NO MS 
Q 0 . 1) 
lI . n 
0 . 1, 
E 
OR 
AB 
AN 
1')1 
HY 
OL 
",T 
lLr-' 
PoP 
21 .1 
'2f...1> 
~C; . 6 
6 . 1. 
1~.4 
1 • ~ 
'2. l 
I). -
4~.t.2 
1 • 1 ~ 
14.43 
1 .14 
7.5~ 
0 .1 7 
9 .41.. 
11 • OR 
2 . r6 
0 . 0 
0 .11 
o .54 
PPi'1 
1 07 
7.4(, 
50 
18 
1 
2 at. 
26 
p-q 
5 
I.e; 
6 
Q 
1 R . 
0 .22 
U. 8 
1.17 
I) . 0 
o . I) 
0 .5 
1 ~ .1 
~ 1 . 0 
24 . 2 
1 f.. • 
6 . 0 
1 .7 
2 . 7 
O. < 
49.P-2 
1 .14 
12.')7 
1 .1 0 
7.2t. 
o.co 
10.2 0 
12.21'1 
2.07 
() .16 
0 .14 
9 .7 0 
86 
324 
2 1 
17 
-1 
169 
~5 
ou 
11 
~ 
(.. 
4 
17 
~ 
~ . 
0 .49 
1.7 
1. 4 
I) . • 
() • t I 
1. 0 
1 • 1 
25 .4 
2 . '\ 
1°.U 
2 . R 
1. 
? -
, • t:. 
(I . T 
X:>07 
46.'7.2 
1. 0S 
15. 93 
1 .1 2 
6 . ~2 
O. ou 
10 .11 
11 • J7 
2 . 57 
0 .4 1) 
0 .17 
95.54 
1 34 
270 
57 
18 
3 
249 
20 
96 
15 
1 23 
~ 
2 1 
-3 
- 3 
6 . 
0 .49 
2.5 
1. ()(J 
u. 
I) . 9 
2 .5 
21 .1 
32 . 2 
19 • c; 
r) . CJ 
19.7 
1 .7 
2 . '1 
0 .4 
)(214* MA18 
1.1. . 2 1 
1. f., 
14.31 
1. 00 
6.5 8 
O. 0 
13.)6 
11.4f., 
2 . 06 
0.37 
0 .1 
94 . 89 
242 
5~7 
• 50 
1 5 
1 
704 
21 
114 
1 3 
1 777 
7 
19 
4 
9 . 
2.52 
2 . 2 
0.72 
(l . O 
3 .1 
2. , 
1 2 . (, 
3U . ) 
25 . 2 
CJ • \1 
24 . 11 
1 . 5 
2.7 
U.4 
48.52 
1.34 
14. 28 
1. 04 
6.R7 
1l .1 6 
11. 'i? 
11.4 (; 
2 . 29 
ll .l1 
Ll.16 
97 . 69 
16 9 
426 
6 
16 
-1 
2(;2 
25 
11 5 
13 
pu 
6 
17 
-3 
-3 
Q. 
O.4U 
1.7 
0 . 87 
L> . O 
\l . U 
n.? 
19.R 
~o . u 
22 . ) 
l u . 5 
1~· . 1 
1 . 5 
7 . 6 
0 .4 
48. t. 
1. 2 
1 3 .1 5 
1. CJ~ 
7.14 
u. oo 
11. 17 
9 . 63 
2.41 
0 .91 
U.1 ° 
95 . 4 
11 P. 
323 
4(, 
1 c; 
q 
?Q9 
2? 
119 
1 5 
10e; 
o 
L 
- 3 
~ . 
0 . 65 
2 . 1l 
0 . 04 
O. u 
0.0 
'5 • (, 
21 . 7 
2") .1. 
2!1 .4 
11 . 2 
1 ; .1.. 
1 • f.. 
u.s 
* High Ba and Sr caused by Ca-Ba-Sr containing white 
alter tion miner I.XRF/XRD analysis of separated mineral 
fa e to give the identity. 
X17Q 
40.1? 
1. c; 
14.5~ 
1. U3 
6.~2 
().'4 
o. ) 
11 • rI c 
3 .1 1 
I) . '" 
11 . 22 
06.0 
1~ 
(; 6 
"fJ 
;> Ll 
1 
279 
2~ 
122 
19 
1 1l. 
11 
25 
fl. 
0 . 41 
2 . 7 
1 • 1 11 
IJ . 1, 
v . (J 
1 • 
27 .1 
;?S . 6 
24 . (1 
3.1 
1 3. t. 
1 • c; 
'2 . s; 
v. e; 
-
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-
f"E'Tt.OOLFld TE DYt(tS 
ROCI<' NO l'i A ?57 Y176 
SlOt 1.9.0(, 50.51 
Tl(' 2 1. 6' 1 1.1.0 
JlL eO' 1? -n 1 ~ .?5 
FE {r~ 1. 20 U.99 
FEe' 8 . 50 6 .5 ~ 
fl,NO o . t)(\ U .1 ~ 
'r~G 0 9.77 1 U.17 
CAO 11'1 .4 0 8 .34 
NA 20 2 . 3;:- ~ . 3 !. 
K2 0 (I • - lJ 1. b~ 
p?0 5 D.1 ? n .17 
TOTAL 95 . 88 96.31 
TPftC E ELE MENTS I "I PPM 
NI P-:' P0 
CR 262 188 
ZN 32 10 
GA 1 0 17 
PF 1 21 
Sf( 16 c 375 
y 3" 24 
If< 1 2L. 133 
NP 11 12 
~A 8- 1 268 
L~ 5 7 
CE 1f 22 
PI:< _7 - 3 
TH -'\ - 3 
fLEIHNT RATIOS 
1 P H JB 11 • 11. 
EP-/SR C1 .4 f (I. 71 
CE/YN 1. :. 2 .2 
FE*/ MG 1.27 fl.Q4 
CIPW N0Rr'l$ 
G 0 . 0 p.n 
!: D. [ , (l .n 
OR 1. ~ 11 .5 
liS 2 ( .5 2 n.6 
AN ?3 .4 22 .6 
Dl '2 , • (J 15.6 
f-lV 2l' . ~ 17.1 
OL 3 . P 8 .1 
"'T 2 .1 1 1.5 
IL" 3 .2 ?8 
AP o.l. 0.4 
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r, R t E PILLOW LA VA S 
ROCV NO X33 0 M,e 401 X32l-
SIC ? 1.9 . 41 L. f< . 29 t..7 .7 9 
TI C? 1. tJ C; fl . 9Q 1 . U y 
"l?O~ 1" . 71 1 6 . ~5 1 s . 5 1 
FE2 '13 1 • t J {. 1' . 05 1 . 116 
FEe (-, . 07 6 • ?" l- • 9 'i 
~~ NO (I . {'!, {J . (In IJ . 0 ( I 
"GC 9 . H P . $<7 b . r;o 
CA n 1!J . 1.L. P . r.6 1 (I .1 2 
NA tO _ .4 t. 1 . 76 3 . 6 ;:: 
K 20 G. e5 1 • E, 1 O. P6 
P205 D. IlO (I . nn (I . U1 
TOTAL 95 . 58 95 .1 2 95 .6 : 
TRPCc ELEMENTS I r~ pptt, 
~JI 139 99 1?C 
CR L.u5 3 1L. 361.. 
7N 131 L.93 53 
GA 14 16 17 
RB 2 26 12 
SR 17? 2 11 27 : 
y 2(' ~1: ~- 25 
ZR 67-. 66 71.. 
NB -1 
" 
4 
SA 6P 257 146 
l~ 3 2 4 
CE 7 p 9 
PB 3 f-, - :<, 
TH _7 .. -3 -~ 
EL EMENT RATIOS 
lR/ p.!D. -6 3 . 1 6 .. 1 F • 
BA / SR (I . " (1 1.?2 0 . 5: 
e E l Y,J n.? ( 1. 8 0 .9 
FE*/ MG 1.11 1. 03 1 .1 Q 
CIFW NORfV'S 
(;I c. o o. n o. r 
p.;£ /l . U 1l .7 5 .1 
OR 1 • t; 11. 2 s.:) 
AP 0. : 23 . 3 2"2 .7 
AN 22 . 3 2~ . 3 24.6 
01 25 . 3 1L..6 22.6 
HY 1 • Q lI . O n. ll 
Ol 14. ~ 1P.C; 1 6 . () 
MT 1.6 1 ." 1.6 
ILII' 2 .1 2 . 0 2 .1 
P,P 0 . 2 0 . 0 fl . U 
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REI"I PILL0 W LAV~ S 
Pori( NO 1" 114 00 X249 x323 MA30 1 x 2 45~1 )( 245 C1 ~A1 39 IA 11..2 
SlC2 47 . 311 47. 87 48 . 2Q 1..7.9 J 46.Rl 47. 38 48 . 0 6 4~ . ?9 
TI G2 (1 . ~3 1) . 94 1l . ~9 0 . 0 1 0 .97 0 . 99 1) .01 O. Qt. 
A L 20 3 14 . )? 1 3 .76 16.35 17. 28 15 .41) 15.93 17 _ H ) 17.46 
FE2C3 0 . 88 0 . 95 0 . 94 0 . 95 U. 96 f1 . 96 0 . 91 fl . 9 1 
FE O 5 . 8 1 6 . 27 6 .21 6 . 27 6 . 31 6 . 3 5 5 . 98 6 . 1l2 
MNO C. CO 0 . 00 u . OO 0 .14 0 . 2 1 O .l~ 0 .14 0 .1 0 
fA GO 7 . 0 4 7 .11 7 . 20 6 . ~5 t...67 4.78 6 .40 7 . 0 
CA O l'i . 3 1. 13 . 43 12 . 2 1 1 2 . 50 14.27 1 ~ . 57 1 2.55 12 . 2t; 
NI120 3 .11 3 . 35 3 .14 2 . ?8 3 . 65 " . 74 3 . 21) 2 .76 
1(2 0 0 . 36 1. 06 r) . P9 0 . °7 fl . 94 (1. 96 1. 11? 1. II I 
p2 05 d . ux 0 . C7 0 . 06 (1 . 06 0 .1 (] n. oo I,) . 17 0 . 07 
TOTAL 95 .1 3 94 . 8 1 Q6 .1 ~ 96 . 70 94 . 34 04.93 97 .4 3 06 . 0~ 
Tq~C E c L E~-1cN TS IN P P r., 
N I l J~ 11 2 95 $<3 55 61. 9~ 0(1 
CR ~44 1:91 31. 7 314 289 3111 ~16 3 12 
IN 56 60 58 34 47 52 35 59 
Ii" 1 6 18 19 17 1 6 16 16 15 
R8 4 1 ~ 11 11 1 12 16 15 
S R 1 ~ 1 16 8 153 2 ('6 14 I 14lJ 227 l QO 
V 2 I 22 2 4 23 24 23 2? 21 
ZI< 57 57 5~ 63 66 66 67 f7 
N~ 4 2 3- 3 :3 4 5 t 
BA 4 1.1 (2 49 4~ 42 36 ~;; 
LA I. 4 2 5 4 10 4 ~ 
CE ~ 10 f. 6 1 4 11 I t) 11 
I. 
- ' 4 - ~ 
... ~ - ~ p p - .) 
TH - ~ - 3 - 3 - 3 - "li -3 - 3 -3 
= l c"AENT RATIOS 
Zp / ~IP 14. 28 . 19. 21 . 22 • 16 . 1; . 11. 
BJ1 I '" 0 . 22 C. 24 a .1 4- u . ?4 0 . 7; 1 o. (; 1J .1 ~ (J . ~? 
CE/v 1. 0 1 • 1 0 . 6 0 . 6 1 .4 1 . 2 1 .1 1 • , 
F E* I . G 1. 2 1 1. 29 1 . 26 1 .. 3 4 1.0 8 1.94 1 . 3'5 1 . 25 
CI PW NOr:l~S 
Q f] • r' n. n !t . O 0 . 0 0. 0 0 . 0 \J . O 0 . ' 
E P • t I 8 . 2 l. .1 3 . 6 11 • 1 Q.9 4.9 2 .4 
0 0 2 . 2 6 . f., 5 . 5 '; . 3 5 . 9 6.0 6 . 5 . 2 
~ p 12 . 14.7 20 . /\ 1 ~ . 5 12. 2 15. 0 19 .1 1tf. 6 
AN ?5 . 5 2C . 4 2° . 0 32 .7 24 .4 25 .1 29 . 7 3~ 7; .) . 
I) I 43 .7 1. 0 . 0 27 . 2 25 . 6 1.1 • 1 37.1 27 .. 5 :n . 5 
HY . 0 0 . 0 O. C Il . Q o. u 0 . 0 n. n D. n 
Ol 4. 5 6 . 5 1 n. Q l u .
Q 1 . 6 3 . 2 9 . 0 11 . 7 
r~ T 1 • ~ 1. 5 1.4 1 .4 1 . 5 1 .. 5 1 .4 1 . 4 
I L t~ 1.7 1. 9 1. 8 1 . 8 2 . P 2 . 0 1 . 8 1 . R 
~p c. ? 0 . 2 0 .1 0 .1 0 . 3 o.? 0 . 2 0 . 2 
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RED PI lUll.' LA Vll S 
POCI( NO X-I.'iF 2 X2~5P2 x 245P1 )(245 X 2 L 5 A 2 ,., AI.." P )( t: 4 ') ~1 r. , I, l. 
SI02 1.7. 3P 47.f,4 47 J7 LR.f.!.. 47.P'? 47. 30 "p-,~ LC,.fl 
TI0 2 1. r4 1. r6 1 • (l ~ 1 • :J 5 1 .1 f, 1 .21 1 . 22 {.! • c. " 
AL20- 16 . 3 11 1f,. :F 16."2 ( 17. (16 16 .7 (1 1 5 .ll(J 17. f)9 17. t c, 
FE ?03 1. 0 1 1.02 1 • [l ( 1 • (11 1 .0 (. 1. (19 1 .1 n fJ . ~ 
FEO 6 . 6t; (, .7 f, ".7f t . 64 7.14 7.20 7.65 ~ • t. (. 
t-'lNO 0 .1 0 0 .1 (\ o .1 C{ 0 . 24 0 .19 f) .( 11I 1l.1 P r • l' 
rtGO L.4 <" 1..65 4.6f 6 . '24 I. . 5 < 5.4 2 4.61:) (, • <. (-
CAO 12 .7 • 12.66 12 .61 12 _ 51 1(J . 2 t. 11.'6 9.42 1(1. l. 
NA?O [,.1 2 i..17 4 .1 3 3.23 4.66 4.79 4.74 L • l. f 
K 20 0 . 92 0 . 92 (1 .91. (J • 51 O .~ P 1 . 02 tl • 9 fl U. C 
p205 0 .11 0 .1 0 0 .1 0 n.tJ8 O.!l9 (1 .1 3 U . () O Ct . \ '-i 
TOTAL 94.97 95.53 95.4 97.21 94 .51 04.62 95.'4 Q"l. Sc, 
TRPC f fLH'ENTS 11\ PPI" 
NI ') 2 55 55 67 59 53 50 t. 
CQ 321 3 14 314 292 327 1S<5 7, 3 I I " r /'-
ZN 51. 56 5- 50 5° f>7 57 5 (1 
GA 14 15 14 17 16 17 1t 10 
PR 12 12 12 7 11 16 11 0 
SR 1~~ 142 1 I. 0 2 r~ 145 '"'~" 150 6() - .:: .:. C ~
Y 2G 24 76 2' 27 c7 ? 7 1" 
'lR 67 68 59 72 74 77 77 
7S; 
NP 6 4 5 5 6 5 6 7 
Sf. 3 1 42 39 51 50 26 59 t( 
LA 5 5 5 4 5 3 6 G 
CE 13 10 14 14 1 1 11 1!.. 
1 'I 
PF - . ~ -3 -3 
... 
-,5 , ::> 
-
TH - . -3 -~ 
_'7 
-< 
-3 _7 _l 
-' -
ELE~ENT RATIOS 
ZRI P 11. 17. 12. 14. 12 • 15. 1 3 . 11. 
SI-/SR C. 23 . 30 1. 2 P 0 . 25 0 .34 fl .1 2 0 . 30 fl . , 'J 
CE/YN 1. :- 1. 0 1. 3 1 .4 1.11 1.11 1 • ~ :: • II 
fE*''''c:. 2 .17 2 .13 2.13 1 • 56 2 .31 1.°5 2 .41 1 • 1 " 
CIPW NORMS 
Q o. n (l . 0 O.p 0 .0 0.0 ll. a u.o ll .!' 
NE 1U. 5 , 1 P . 6 1 ll . 3 2 . 8 .9 13 • 
c:; 7.6 11 • 
OR 5 .7 5.7 5.8 3 .1 5.5 6.4 5 .6 3.5 
AS 17.2 17.' 17.5 23.0 25.2 1E.O 28.( 1P.1 
AN 21..6 24.3 24.3 31 .4 23.3 17.3 23.8 
20 ~ 
. t 
01 -3 .~ 33.6 3~.4 26.1 24.7 34.4 20.4 22 . , 
!-IV C. G 0 .0 o. c 0.0 [l.O O.G 0 . 0 t,. 'l 
OL G.1l 4.5 t.7 Q.9 8 . 0 6.1 1 lJ . 3 11 . :: 
MT 1 . 5 1.5 1 .5 1 .5 1.7 1 .7 1 • ~ 1.~ 
IL~ 2.1 2.1 2.1 2 .1 2.3 2.4 2 .4 1. 0 
AP 0. :- 0.2 (\.2 0.2 0.2 0.3 0.2 o. ( 
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PEr; PILLO~' l~VA~ 
ROCK NO r' A 43 7 rt. ~4 39 I'" AL? ? 
SI02 43.9? 4S.L.4 L.7 . 6f:, 
TI 02 1. 35 1 .4 E' 1 .74 
Al 203 12 . lIf 12. f..5 12 • 1 ( I 
FE203 0 .97 P. 79 1 • , ::' 
FEO 6 . L.?: 5 . ?2 7 .4 G 
Mf\40 (1 . 0! ) (1 . 00 C. DC 
MGC 4.5; 5 .43 7 . 7F 
CP O 17 . 5 '< 16.F: O 9 . 8 j 
NA?O 2 . 6'1' 7 .1 9 -:' . (-.7 
K20 2. 3 ~J 1 . 97 1 . :: 7 
P205 (l . ~5 0 . 07 0 . 26 
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